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CHAPTER I 
INTRODUCTION 
I-I INTRODUCTORY REMARKS 
Physical adsorption of gas molecules on a surface is caused by physical interactions 
such as the nonpolar van der Waals or dispersion forces, the forces between permanent 
or induced dipoles and an electric field, the forces between quadrupoles and an electric 
field gradient, the forces between dipoles and the repulsion forces due to interpénétra-
tion of electronic clouds. These interactions cause a higher concentration of the gas 
molecules at the surface than in the bulk gas phase. In other words, the collision 
between a gas molecule and a surface is not an elastic one; the residence time of the 
gas molecule at the surface has a finite value. 
The nature of the adsorbed phase is determined by the characteristics of both the 
surface and of the adsorbed gas. Physical adsorption measurements provide us with 
information about the adsorbed phase and thus about the surface, the characteristics 
of the gas being well known. 
If two translational degrees of freedom parallel to the surface are left, the adsorp-
tion is called mobile and the adsorbed molecules behave as a kind of two-dimensional 
gas. If on the other hand all three translational degrees of freedom are lost and the 
adsorbed phase consists of a more or less irregular pattern of vibrating molecules, the 
adsorption is called localized. 
In catalytic chemistry metal surfaces are very important because of their extensive 
use as catalysts. Consequently, a number of more or less specific techniques have been 
applied to investigate physical adsorption on the surface of metals in the form of 
monocrystals, films, powders or dispersed particles on a carrier. The most important 
examples of these techniques are: infrared spectroscopy1·2, field emission microsco-
py3, the measurement of surface potentials4· 5, thermal desorption6, the measurement 
of surface tension7, and gravimetricalβ· 9· 1 0 and volumetrica! methods for the esti­
mation of adsorption isotherms11· 12· 13· 14. 
The measurement of adsorption isotherms by a volumetrica! method was chosen 
here because of its relatively high accuracy for small adsorbed quantities and the 
promising experimental data in the literature obtained with this technique. 
1-2 SOME ASPECTS OF ADSORPTION ISOTHERMS 
An adsorption isotherm gives the relation between the amount of adsorbed gas and 
the equilibrium gas pressure at constant temperature. The shape of the adsorption 
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isotherm and its variation with temperature reflect the state of the adsorbed gas, 
which in turn depends on the character of the surface. For the latter it is useful to 
make a distinction between homogeneous and heterogeneous surfaces. A homoge­
neous surface is characterized by a constant adsorption potential, so that adsorption 
of a single molecule on any part of the surface will be associated with the same heat 
of adsorption. A heterogeneous surface displays a distribution of adsorption poten­
tials. 
Next to the interaction energy between the adsorbed molecules and the solid surface 
also the interaction energy between adsorbed molecules will contribute to the ma-
croscopically observed heat of adsorption, e.g. a calorimetrie heat of adsorption. 
This lateral interaction energy will depend on the surface concentration of adsorbed 
molecules and may in fact be expected to increase with increasing coverage Θ. Thus the 
apparent heat of adsorption will depend on coverage, also on a homogeneous surface. 
— ρ 
Fig. ι Adsorption isotherm on a ho­
mogeneous surface. 
A homogeneous surface will be gradually covered by one layer of adsorbed mole­
cules when the gas pressure is progressively increased and only at a rather high degree 
of coverage adsorption in a second layer will commence. As was mentioned before 
the apparent heat of physical adsorption will in any one layer increase progressively 
with coverage - due to the increasing lateral interaction - so that also the slope of the 
adsorption isotherm d9/d^ may be expected to increase with increasing Θ, to level off 
only near the beginning of the next higher layer. On a homogeneous surface we must 
io 
therefore expect that the isotherm shows a succession of steps. This effect will be 
enhanced by a phenomenon called two-dimensional condensation, provided the 
isotherm temperature is not too high: the adsorbed layer has a two-dimensional 
critical temperature, below which condensation will occur when the two-dimensional 
pressure attains a certain value. But even above the critical temperature the increased 
lateral interaction at higher fractional coverages will result in a densification of the 
adsorbed layer, reflected in a steepening of the isotherm. In fig. ι the expected shape 
of the adsorption isotherm on a homogeneous surface is qualitatively shown. After 
two or three layers have been filled in this way, the increased distance of the solid 
surface from further adsorbing molecules will cause a gradual shift in the physical 
properties and at equilibrium pressures close to the three-dimensional condensation 
pressure of the adsórbate the properties of the adsorbed phase will approach those of 
the bulk liquid. If the adsorbent is porous, curvature of the adsorbate/gas interface 
may induce capillary condensation. This phenomenon has been dealt with at length 
by Broekhoff15. In this thesis we will not deal with hysteresis phenomena caused by 
capillary condensation because it contains information primarily about the porous 
texture of the adsorbent and has little bearing on the energetic surface character of the 
solid. 
Fig. 2 Adsorption isotherm on a he-
terogeneous surface. 
In principle a heterogeneous surface can be thought of as an assembly of in itself 
homogeneous patches with different initial heats of adsorption and possibly also 
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different lateral interactions. Obviously the condensation steps will occur at different 
equilibrium pressures on the different patches, since the condensation pressure is 
linked directly to the heat of adsorption and the lateral interaction energy. If the 
surface is truly heterogeneous in the sense that it consists of a large number of different 
patches forming an almost continuous distribution of adsorption potentials, the con-
densation steps will overlap to such an extent that the transition from first to second 
layer adsorption is no longer detectable in the experimental isotherm. This is espe-
cially the case if the difference between the highest and the lowest initial heats of ad-
sorption on different patches is of similar magnitude as the difference in initial heats 
in the first and second monolayer on a single homogeneous surface patch. Then ad-
sorption in different layers will occur simultaneously already at rather low pressures. 
The expected shape of the adsorption isotherm on a heterogeneous surface is shown 
in fig. 2. 
It will be obvious that the estimation of the properties of the adsorbed phase and 
the adsorbent surface from the shape of adsorption isotherms will meet with formi-
dable difficulties if the surface is truly heterogeneous. On any surface such estimation 
is based on a comparison of experimental isotherms with theoretical isotherms, derived 
on the basis of a detailed model of the surface and the adsorption process, involving 
a number of assumptions. For a heterogeneous surface additional assumptions are 
needed to express the heterogeneous character of the surface in some mathematical 
form with a number of adjustable parameters. It will then be unlikely that a successful 
fit of experimental data on such a multiparameter model will be unique and informa-
tive. 
For this reason it is valuable to dispose of homogeneous or almost homogeneous 
surfaces to test adsorption models and provide a bridge to more common heteroge-
neous surfaces. In the present investigation we will find that suitably heat-treated 
metal powders have surfaces which provide a useful approach to homogeneity. 
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CHAPTER II 
GENERAL THEORY OF PHYSICAL ADSORPTION 
II-I INTRODUCTION 
As already mentioned in chapter i, there is a great difference between adsorption 
on a homogeneous and that on a heterogeneous surface. This difference played an 
important role in the application of the theory of physical adsorption. All theoretical 
equations for adsorption in the first layer were developed for homogeneous surfaces. 
An equation for localized adsorption in which the interaction between adsorbed mole-
cules was taken into account was published in 19251; a two-dimensional analogue of 
the van der Waals equation was first described in 19292 and the corresponding equa-
tions without interactions between adsorbed molecules even before this time3· 4. 
The fact, that only in recent years fairly homogeneous surfaces, such as graphitized 
carbon blacks, salts and mercury, could be prepared, retarded the testing of theories. 
It was not until 1945 that the first reliable comparison of experimental data and ad-
sorption equations for the adsorption in the first monolayer on homogeneous surfaces 
was published5' 6> 7> e. 
Thereafter it was possible to derive models for heterogeneity and attempt to describe 
adsorption on heterogeneous surfaces by an equation for homogeneous surfaces, cor-
rected for heterogeneity9. 
The foregoing concerns only adsorption in the first monolayer region. It will be 
obvious that the theory of multimolecular adsorption, an other name for simulta-
neous adsorption in different monolayers, or even monolayer adsorption in the 
second or higher layers is far more complicated. Indeed little theoretical work has 
been done in this field10· " ; the results appear to be far from satisfactory owing to the 
difficulty of describing the gradual shift of the adsorbed phase into a three-dimensional 
bulk phase. 
Some theoretical models for adsorption in the first monolayer, some correction 
models for heterogeneity and a few models for multilayer adsorption will be commen-
ted in more detail in this chapter. 
II-2 ADSORPTION EQUATIONS FOR MONOLAYER ADSORPTION ON 
HOMOGENEOUS SURFACES 
We will consider as physical adsorption such adsorption processes where neither 
solid nor adsórbate undergo chemical changes as a result of adsorption, so that the 
adsorbed material may be considered as a separate phase. We will further assume 
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the three-dimensional gas phase to be ideal. Although the adsorption measurements 
are performed at low temperatures, so that deviations from ideality may be significant, 
the approximations in the treatment of the adsorbed phase are necessarily much more 
severe, so that the approximation of an ideal gas phase appears justified. 
For a separate two-dimensional phase the Gibbs' adsorption equation1 2 holds: 
Α άΦ = /ia άμ
Λ
 (ι) 
where A is the adsorbent area, η
α
 the number of moles adsorbed, ιι
Λ
 the molar chemi­
cal potential of the adsorbed material and Φ the two-dimensional pressure, which may 
be defined as: 
Φ = - ( - ) ω 
\δΑ J Fa, Γ, /7a 
in which Fa is the free energy of the adsorbed phase. We further note that for equili­
brium with an ideal gas: 
μ· = μ«-= μ;(Γ; + HTMnfa) (3) 
so that equation (i) transforms into: 
^в Wa 
άΦ = ——- dμa = —- kT d \n(p) 
A No A 
kT rp 
or ф = — edlnfa,) (4) 
in which ao stands for the molecular area in a close packed layer ( = i) and θ is the 
fractional surface coverage. Equations (4) may be used to relate the equation of state 
for the adsorbed phase to the adsorption equation or conversely may be used to 
obtain the two-dimensional pressure Φ from the adsorption isotherm. 
In considering monolayer adsorption two distinct starting points may be chosen 
for model considerations. Since the surface of a solid is a two-dimensional array of 
atoms the interaction energy of the surface with a molecule in its proximity will have 
periodic maxima and minima. If the differences in adsorption potential are much 
larger than kT, the adsorption will be localized. We may call the potential wells ad­
sorption sites. If on the other hand the depht of the potential wells is much smaller 
than kT most adsorbed molecules can move freely over the surface. We may then 
treat the adsorbed phase as a two-dimensional gas. The adsorption is called mobile. 
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For physical adsorption on metals this distinction is discussed in section 111-2. Clearly 
there must be an intermediate range of thermal energies over which transition from 
localized to mobile adsorption may occur with increasing temperature. This transition 
has been discussed in detail by van Dongen1 3. 
Both for localized and for mobile adsorption the lateral interaction between adsor­
bed molecules will become increasingly important as their number per unit area 
increases and we will have to deal with this interaction for obtaining models which 
can be used to compare with experimental data. Still a treatment ignoring interaction 
may be useful as a first approximation to a more realistic picture. 
Before we proceed to deal with the isotherm equations for the different cases a few 
remarks may be made of a general nature. The position of the adsorption equilibrium 
will depend on the enthalpy and entropy changes involved in the adsorption process. 
In the different isotherm equations which will be discussed these two contributions 
can easily be recognized. The enthalpy change is primarily due to the zero point 
energy differences of the gaseous and adsorbed states. There will also be a contribu-
bution from the interaction energy between adsorbed molecules. Especially for the 
entropy change the distinction between mobile and localized adsorption is important: 
of the three degrees of translational freedom in the gaseous state two are preserved 
in the mobile adsorbed state, one being converted to a vibration perpendicular to the 
surface. In localized adsorption all three translations are converted to vibrations, so 
that the entropy loss involved is much larger than in mobile adsorption. 
The most practicable way for derivation of isotherm equations is by the methods 
of statistical thermodynamics. We will deal with the derivations only very briefly 
since for the equations which we will use they have been published many times. The 
condition for equilibrium for the different adsorption models may be found by noting 
that the free energy for the total system : gas + adsorbed phase reaches a minimum 
value at equilibrium: 
(8F)At v,T,N<0 (5) 
where A is the adsorbing area, V the volume of the gaseous phase and N the total 
number of molecules in gaseous and adsorbed states. In equation (5) the equality 
sign holds for equilibrium. Since the free energy is directly linked to the partition 
function Q of the system : 
F=-kT\n(Q) (6) 
the equilibrium condition may also be expressed in terms of the partition function, 
which attains a maximum value at equilibrium, indicating that the equilibrium state 
has the highest probability: 
[δ \n(Q)]A< ν τ N > О (7) 
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where again the equality sign holds for equilibrium. The total partition function of 
the system Q may be factorized into partial partition functions Qa, and Qg for the 
adsorbed and gaseous states. Since: 
N = Ν
Λ
 + Ngis constant, -άΝ
α
 = dNg 
then the equilibrium condition transforms into : 
[δ InfôaJl 
L ÔWa J A, Τ 
Γδ \n(Qgh 
δ Ng J V.T 
(8) 
This equation is equivalent to: 
Иа = μ« (9) 
since: 
μ* = -kT 
δ \n(Q
a
) 
δ ЛГ
а 
AT 
and μ
β
 = -kT 
δ \n(Q
e
) 
δ Ν. VT 
(IO) 
Equation (8) may be used to derive isotherm equations for different adsorption 
models. With the assumption of ideality for the three-dimensional gas phase the 
partition function for the gas may be expressed in terms of the molecular partition 
function qg for individual gas molecules : 
Qe = 4g N
e
! ( " ) 
Introducing this expression in equation (8) we obtain as the basis for the derivation 
of isotherm equations: 
δ InfQi) 
δ Ν
α 
AT 
= inío*g;-^-in(¿) (12) 
where oÇg stands for the molecular partition function of a gas molecule in unit volume 
and with all energies referred to the zero point energy o£g as energy zero. д
в
 and „Яв 
are related by: 
д
е
 = оЧе
 F e x P | - ^ (13) 
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The problem of isotherm derivation is thus displaced to expressing the partition func­
tion for the adsorbed phase as a function of the number of adsorbed molecules, so 
that the differentiation in equation (8) can be performed. 
Four adsorption equations will be dealt with. Two mobile equations, viz. the 
Volmer equation and the two-dimensional van der Waals equation. The equation 
introduced by Volmer4 is given here instead of the equation for a two-dimensional 
ideal gas, because the latter equation does not exhibit a saturation conduct when one 
monolayer is filled. This necessary property of an adsorption equation is introduced 
with the assumption of an excluded molecular area bz, the significance of which will 
be discussed in section 11-3. The two-dimensional van der Waals equation may be 
regarded as the extension of the Volmer equation by accounting for lateral interac­
tions. This more realistic equation will be discussed in section 11-3. The localized 
equations are the Langmuir equation and the Fowler-Guggenheim equation. The 
Langmuir equation3 is the equation for a model of an ideal lattice gas without lateral 
interactions, while the Fowler-Guggenheim equation gives the relation between ρ and 
θ for a lattice gas with lateral interactions. The last model will be dealt with extensi­
vely in section 11-4. 
In table 1 the equations for the adsorption models are given, together with the 
necessary equations for q&, the molecular partition function for an adsorbed molecule. 
Table 1. Isotherm equations for four adsorption models. 
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In all four equations the factor θ/(ι — θ) causes the saturation character of the 
models: when θ approaches i, the pressure ρ goes to infinity. The factor ехр( /(і — θ)) 
distinguishes the mobile models from the localized ones; it is related to the entropy 
of the adsorbed phase. Both for mobile and localized adsorption the effect of lateral 
interaction is the introduction of an extra term in the exponent. 
11-3 THE TWO-DIMENSIONAL VAN DER WAALS MODEL 
This two-dimensional analogue of the oldest picture of a real condensable gas, is 
an obvious choice for a mobile adsorbed phase. Already in 1929 Magnus2 derived 
an equation for a two-dimensional van der Waals gas; it was based on the picture of 
induced dipoles as the driving force for physical adsorption and a repulsive lateral 
interaction parameter resulted. The relation between ρ and θ may as well be derived 
by means of statistical thermodynamics, which was first done by Hill1 4, as on the 
basis of gas kinetics with the help of Gibbs' adsorption equation (4). The latter 
method was followed by de Boer1 5 who worked it out into a very comprehensible 
picture. This equation is sometimes referred to as the Hill-de Boer equation, but 
because of its older original derivation we will prefer the name 'two-dimensional van 
der Waals equation'. 
With equations (2) and (6) the equation of state is easily derived from Qa as given 
in table 1 : 
(θ + ^А (A - Νφλ = NJcT (14) 
The similarity with the three-dimensional equation of state is striking; the constants 
аг and bz are the two-dimensional analogues of аз and bi. Let us consider these 
constants more closely. For a molecule with a collision diameter do the constant ¿>2 
stands for: 
ndl 
bz = , the excluded molecular area (15) 
2 
However, at very high two-dimensional pressures bi becomes equal to the molecular 
area Oo and from simple geometrical considerations it follows, that do should be 
d02 3/2 for a close triangular packing. In the model the assumption is made that bz 
is independent of the two-dimensional pressure and equal to do according to equa-
tion (15). 
The lateral interaction constant az is defined as: 
Αε 
az = (16) 
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where ε stands for the interaction energy of one molecule with all the others, which 
according to Barker and Henderson16, takes the form: 
- J "WT< 
-00 
ε = ƒ u(r)~-f-g(r)2itrdr (17) 
The radial distribution function g(r), defined as the ratio between the real density of 
adsorbed molecules at distance r and the average density N
a
/A, is set at 1, which 
holds strictly only for a dilute gas, since for that case entirely random distribution 
may be assumed. The intermolecular potential м(г) is given by the Sutherland poten­
tial, consisting of a hard core repulsion and a London attraction part: 
u(r) = 00 when r < do 
and: (18) 
u(r) = -Mo — I when r ^ do 
This yields for r^do'. 
J CO ,2 a2 = - i / u(r) 2nr dr = (19) 
doJ 
From table 1 it is seen, that for the two-dimensional case km becomes equal to : 
,
m
 2 а г U o
 / 4 
lcm = = — (20) 
b2kT kT
 K
 ' 
If we define a comparable parameter /rm for the three-dimensional van der Waals gas 
and express аз and Ъъ in terms of do and u0 we find : 
аз = \ ndluo (21) 
2аз 2Uo 
km = = — 
ЬзкТ kT 
From the first and second derivative of the adsorption equation with respect to θ 
it will be shown later in this section (equation (31)), that the value of km corresponding 
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with the two-dimensional critical temperature, which is the temperature above which 
no condensation is possible, is 6.75. The same value may be shown to hold for the 
three-dimensional gas. Consequently, the two- and three-dimensional critical tempe­
ratures are related as follows : 
T
ci :Tc2 = 2 : i (22) 
According to table 1 the general expression for К
т
оъ reads: 
kT оЯе _ kT frotte) o?vib(g) oql 
hi o<7a Ьг tftotfa) o0vlb(a) o i t o?z 
η,Λ 04g п.* HTOUg) 04V10(g) 04t . 
Kmob = — = — " 2 — — ' 2 3 ) 
where qrot and qv¡b denote the partition functions for rotations and internal vibra-
tions and the symbols (g) and (a) refer to the gaseous and adsorbed states respectively. 
oqt is the one dimensional translational partition function, of equal form for both 
gas and adsorbed phase, oÇz stands for the partition function of the vibration of the 
adsorbed molecule in the z-direction perpendicular to the surface. In equation (23) 
some simplifications can be made. In the present investigation we only consider noble 
gas adsorption. For a monatomic gas no rotational and internal vibrational partition 
functions need be considered so that only o<7z and o<7t have to be taken into account. 
The partition function oQz is expressed by: 
exp 
exp J 
oqz = ^ Ч (24) 
where Vz represents the frequency of the vibration. When kT is small with respect to 
hvz, so that the vibration is completely unexcited, equation (24) is reduced to unity. 
The other extreme, when the value of Avz is small compared with kT, yields: 
o?z = -— (25) 
«V
z 
The translational partition function is given by: 
(inmkT)*12 
oqt = 7 (26) 
h 
So that in the case of a completely unexcited z-vibration and a monatomic gas 
equation (23) reduces to : 
kT(2nmkT)112 
Kmob = — (27) 
br h 
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The adsorption equation for the two-dimensional van der Waals model given in 
table ι is often written in a more convenient form as the natural logarithm of p: 
ln(p) = ln(K
m
ob) - jj, + In ί - i . + 
θ 
kmB (28) 
As an illustration of the relation between ρ and θ expressed in equation (28) let us 
accept the approximate values for the parameters and constants for the adsorption 
of krypton on graphite and construct the resulting isotherms. At an average measuring 
temperature of 90o К the numerical value of Ктоъ is 2 io6 mm Hg; when we accept 
for £Ό a value of 3000 cal/mole and for km the values of 10 at 8ocK, 6.75 at 90oK 
and 4 at 1000 K. we obtain the adsorption isotherms at 80, 90 and ioocK in fig. 3 
from left to right resp. Only the left hand curve shows two-dimensional condensation, 
indicated by the S-shaped part of the curve. As in three-dimensional condensation 
the metastable states are seldom observed experimentally; therefore the metastable 
parts of the isotherm must be replaced by the discontinuous line in fig. 3, in such a 
1 о 
0 5 -
— ln(P) 
Fig. 3 Theoretical adsorption isotherms according to the two-
dimensional van der Waals equation. 
way, that the shaded parts have equal areas. Then the isotherm represents real equili­
brium states. From the isotherms in fig. 3 it is obvious, that the conditions for critical 
two-dimensional behaviour read: the two extremes of the 1η(ρ)-θ relation must have 
the same value of θ and coincide with the point of inflexion. This means, that the first 
and second derivative of ln(p) with respect to θ equal zero. Or: 
d Info) 
de 0
c
(i — Be)2 
• kmc = 0 (29) 
21 
d4n(p) ßc-I 
= - Í = о (30) 
d θ 2 І(і — B
c
)3 V J 
From equations (29) and (30) we obtain : 
с = 0.333 and kmc = 6.75 (31) 
The expressions (30) and (31) reveal that there is always a point of inflexion in the 
Щр) vs. θ plot at θ = і/з and that at values of km higher than 6.75 condensation 
always occurs. At lower values of km, or for temperatures above the critical tempe­
rature TC2, supercritical densification takes place. For a given gas Γ02 can be calculated 
by means of equation (22) from the experimental value of Гсз and from the reversed 
proportionality of km and T, expressed by equation (20), the value of km·, thus the 
condensation behaviour at any temperature can be predicted according to the van der 
Waals model. 
II-4 THE FOWLER-GUGGENHEIM MODEL 
Several trials have been made to correct the Langmuir equation for lateral inter­
actions. Frumkin1 and also Fowler and Guggenheim17 published equations for a 
two-dimensional lattice gas. The latter authors assumed each site to have the same 
number, z, of nearest neighbours; they supposed the lateral interaction energy to be 
expressed by the sum of the contributions of pairs of nearest neighbours and the 
adsorbed molecules to be randomly distributed over the adsorption sites, independent 
of the degree of coverage. For a number Л^а of adsorbed neighbouring molecules the 
total molecular lateral interaction energy, according to these assumptions, is : 
2 N&a, ω 2 Ν», ω 
=—-—=2ΰ>θ (32) 
Ζ JVs 
where 2ω stands for the interaction energy of a molecule with its nearest neighbours 
when all the neighbouring sites are filled. With the help of statistical thermodynamics 
the isotherm equation in table 1 is derived. The absence of a comparable three-
dimensional model makes the derivation of an equation of state of theoretical interest 
only, so that we omit it here. Bringing the isotherm equation in the natural logarithmic 
form we obtain: 
ln(p) = ln(Kl0C) - | i + In ( - J L ) - кЩ (33) 
In its general form Aioc as given in table 1 may be written as: 
kT0qg grot(g) oivib(g) о?,3 , л 
ліос = = kT 2 (34) 
оЦи ЯтоЦе.) oívlb(a) о9
х
 oQz 
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in which qTOt and ^ іь again denote the partition functions of the molecular rotations 
and internal vibrations; for a monatomic gas these partition functions may be dis­
regarded for the gaseous and adsorbed states, oit is given by equation (26), o<7x stands 
for the partition functions of the vibrations on the site parallel to the surface and 
oqz for the perpendicular vibration. The equations for o?x and o?z have the same form 
as equation (24) and at not too high a temperature and relatively high frequency values 
they reduce to unity. 
1.0 
0.5 
Fig. 4 Theoretical adsorption isotherms according to the 
Fowler-Guggenheim equation. 
Some isotherms resulting from equation (33) are reproduced in fig. 4. As in fig. 3 
the parameters are given the approximate values for the adsorption of krypton on 
graphite under the assumptions of unexcited vibrations. For an average measuring 
temperature of 900K Ki0c has a value of about 2 io
9
 mm Hg; £Ό is given a value 
of 3000 cal/mole and kl the values of 7 at 80, 4 at 90 and 2 at ioo0K. Thus in fig. 4 
the calculated isotherms at 80, 90 and ioo cK are drawn from left to right. Only the 
isotherm at 8ocK shows two-dimensional condensation of the lattice gas. 
The critical values of A:1 and θ are again derived from the first and second derivatives 
of equation (33) with respect to Θ: 
de 
сГ/ — с; 
kl=o (35) 
d2ln(p) 2 0 c — ƒ 
d e 2 Q2C(I — e j 2 
Thus: с = O.J and kl
c
 = 4 
(36) 
(37) 
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Because of the absence of a three-dimensional reference model, it is not possible to 
calculate critical two-dimensional temperatures from experimental three-dimensional 
data. 
From consideration of the models in 11-3 and 11-4 we find the approximations in the 
models to be of the same kind. In both models a random distribution of the adsorbed 
molecules independent of the degree of coverage is assumed; from the work of Barker 
and Henderson16, however, this assumption appears not to hold in the mobile case 
at higher coverages. Moreover in both models the lateral interaction energy is based 
on pair interactions only, which leads to a constant value for bz in the van der Waals 
model. Trying to avoid the errors resulting from these rather crude approximations, 
some more refined models have been developed for both the localized (Fowler and 
Guggenheim17) and the mobile adsorbed phase (Broekhoff and van Dongen1 8). The 
latter authors used two refined mobile equations and one refined localized equation 
to obtain heats of adsorption and lateral interaction parameters from experimental 
isotherms. They also estimated surface areas for different gases on the same surface 
and came to the conclusion, that the refined models did not yield substantially better 
results than the corresponding simpler models. Therefore we have restricted ourselves 
to the simpler ones. 
II-5 SIMPLE THERMODYNAMICS OF ADSORPTION 
We do not intend to consider the entire field of adsorption thermodynamics in this 
paragraph; only those thermodynamical quantities that are of interest for the inter­
pretation of the results of volumetric adsorption measurements will be reviewed with 
respect to their direct use. We start with the derivation of the relations between the 
isosteric heat ^ s t and some thermodynamic properties of the adsorbed phase, the 
isosteric heat of adsorption being easily derived from experimental adsorption iso­
therms at different temperatures according to : 
qSt = ^7-2 
δ ln(p) 
δΤ 
(38) 
The thermodynamics of adsorption were worked out in great detail by Hill 1 9 and 
Everett20. They arrived at the same results but disagreed about defining the thermo­
dynamical functions. Everett wanted to develop thermodynamical methods virtually 
identical with those applied in studying solutions; he defined: 
d^a = TdSi —pdVi — ΦάΑ + μ&άηΛ (39) 
but in the definition of F
a
, Ha and Ga he omitted the Φ A term. Hill considered the 
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adsorbed phase to be a separate phase and consequently included in his definitions 
the work term Φ A. In this way he arrived at the following definitions: 
ra — Ea — Τ S& 
Н
л
 = Е
л
+р
 л
 + ФА (40) 
G
a
 = Ea. + ρ
 л
 + Φ A — Τ Si 
Because Hill's vision seems to be more realistic, we will use only his definitions. 
The confrontation between properties of the gas and adsorbed phase at equilibrium 
leads to the desired result when we start with the free enthalpy for the gas phase Gg 
and the free energy for the adsorbed phase F&. After neglecting the term -ра
 л 
equations (40) and (39) lead to : 
dGg = -SgdJ + Vgáp + μgdwg dF» = -8
Λ
άΤ— ΦάΑ + μad/J
a
 (41) 
hence: (Ц = - Ш (Ц - « (42) 
\ÒT)p,ng \δη,)ρ,Τ \8Т}А,п
л
 \bnjA,T 
For equilibrium μ
Β
, a function of Τ, ρ and п
е
, equals μ8, a function of T, A and na, so 
that: 
dp+ - ^ d«g-|- - ^ d r = - ^ d r + 
\ор/Т,п
е
 \йп
е
Ір,Т \oT/p,ng \oTJA,n& 
Since we consider equilibria at constant A and и
а
 (constant ) the last two terms equal 
zero. Also rig is constant, so that the second term is zero. For an ideal gas the differen­
tiation of equation (41) with respect to tig yields: 
/SGg\ 
<1μ
κ
 = d — = -igdr + vgdp + μgdиg (44) 
\bngjp, Τ 
/δμλ
 =
 /8iig\ RT 
so that: h — I = йв - r - L · = ν
β
 = — (45) 
\оп
е
/Т,р \6pJT,ng ρ 
Substituting equations (45) and (42) in (43) we obtain : 
-*+£№ —m <46) 
в
 ρ \δΓ/θ \bnjA,T W ' 
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hence : qBt = Tsg 
¡мл 
\bnj A,T 
TS* (47) 
From the equilibrium condition it also follows that: 
8(Hg-TSg) 
δη» 
Ρ, τ 
5Г£а — TS
a
) 
δη
Λ 
Α, Τ 
(48) 
then : hg — Tsa = Λ -τΙ
δ
Λ\ δΕ, 
δη
α
ΐΑ,Τ \δη
Λ
ΐΑ,Τ 
(49) 
The combination of equations (49) and (47) gives : 
ІЬЕЛ 9et = A g
-U^r = /,g-ett (50) 
Again neglecting the small ра
 л
 and V&dp terms, from equation (40) we derive: 
dtfa = dE
a
 + ΑάΦ + ΦάΑ (5i) 
БЕЛ (Н8Л /δΦ\ _ /δΦ\ 
ЮШ
'-ЛЪ}Л,Т = Л^)Л,Т+ЛЪІЛ.Т = -^ + А\Ъ1Л.Т ( 5 2 ) 
yielding another expression for q8 t: 
qsi = he-hb + A\ — ) 
/δΦ\ 
fajA,T (53) 
We may further note that : 
5Sa\ _ /55a\ lbS
a
\ ίδΑ 
ОП
Л
ІФ,Т~\^Г
Я
}А,Т+ [ЬАІПІ, Т\8п
я
1ф,Т 
(54) 
The latter differential clearly equals А/п
л
. From equation (41) it follows that: 
85Л _ /δΦ\ 
δΤ/ и», Τ ~ [δτ) A, п
л 
(55) 
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From equations (41) we may derive: 
δ(Η
Λ
 — TSa/ 
5«a Ф , Г =
А
-
-Τ 
65a 
δη
α Φ, τ 
= μ» = μ
Β
 = hg — Tsg (56) 
Substitution of equations (54), (55) and (56) in (47) yields: 
AT /δΦ\ 
Ла \оГ/ Л, Л» (57) 
In the equations for qat (47), (50), (53) and (57) the small capitals stand for the molar 
quantities ; the differential quantities are indicated by small capitals superscribed by -. 
In order to obtain the explicite dependence of qel from Τ and Θ, each of the equa­
tions (47), (50), (53) or (57) may be converted with the aid of statistical thermodyna­
mics. The equations expressing thermodynamical quantities in terms of the partition 
function of the adsorbed phase are : 
Е
л
 = кТ 
S
a
 = kT 
δ In (QJ 
δΤ 
olnfÖa/ 
δΓ 
A, N
a 
Α,Ν
Λ 
+ к Inf β&; 
Ф = кТ 
δ Infßa/ 
δΛ 
Τ, Ν
Λ 
(58) 
F
a
 = -кТ1п(<2
я
) 
Γδ \n(Q
a
) 
Яа = кТ
2 
δΓ 
Α,Ν, 
+ кТА 
δ Infßa/ 
Са--А:Г1пГОа; +kTA 
δ inrßa; 
ΒΑ 
δΑ J Τ, Ν, 
Α,Ν
Λ 
Let us restrict ourselves to equation (47), because it gives the relation between the 
entropy of adsorption and the isosteric heat of adsorption, the adsorption entropy 
having been the criterium for a number of adsorption model selections. Hill2 1 gives 
the expression for the molar entropy of an ideal gas, which is also easily derived from 
the gas analogue of equation (58) : 
Sg = -R + R \n(kT) + R Infoqi) — R ln(p) (59) 
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yielding: 
qst = LRT+ RT In(kT) + RT Infcd) — RT ln(p) — Τ ϊ
β
 (6o) 
2 
For the two-dimensional van der Waals model we derive for Ja and ^ s t : 
/ θ \ θ 
Ла = R + R \n(b2 „qV + zia — R In — R (61) 
\/ — θ/ ι — Η 
q" = E0 + -RT+RTk*Q — RT-^(oq,— i) (62) 
2 kT 
For the Fowler-Guggenheim model we find : 
h = 2
x
Ja + zia — R In I -J (63) 
î·* = E0 + IRT+RT^B-RT-^ (0gz — I)—2RT1^(0qx—l)(64) 2 kT kT 
where
 zJa and х?а stand for the entropy of one vibration : 
hvz 
z
ja = R \n(oqz) + R —- (oqz — ¡) (65) 
kT 
The equations for ί
α
 (6i) and (63) have formed the basis for a number of compa­
risons of adsorption models. They have been extensively discussed by Everett 2 2 > 2 3 
for all four models introduced in section 11-2, and by Kruyer24 for the mobile and 
localized model without lateral interactions. As was discussed by Everett23, the proper 
estimation of theoretical values for Ja requires the independent knowledge of fre­
quencies for the χ and ζ vibrations. This is, however, only possible after a suitable 
model for the adsorption potential well is developed; then the applicability of the 
potential model to the gas-solid system in question has to be proved, after which 
values for the frequencies can be derived from it as will be indicated in section 111-3. 
It is not surprising that in most studies this very elaborate treatment is not applied; 
in most cases the experimental and theoretical differential entropy are equalized by 
suitable choice of values for v
z
 and v
x
. As a matter of course this choice is never 
unique. 
The procedure of comparing entropies may be replaced by a similar procedure of 
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comparing isosteric heats of adsorption. The theoretical isosteric heat given by equa­
tions (62) and (64) for two models requires values for E0, km and kl, to be derived 
from fitting the isotherm equation to experimental isotherms; the fitting procedure 
will be described in detail in section iv-6. The assumption of unexcited ζ and χ vibra­
tions leads to an experimental value for £0, denoted by ο£Ό» differing from its real 
value in the mobile and localized model according to respectively: 
oE0 = E0 + RT\n(0qz) and o£o = E0 + ΛΓ1η(Ό?ζ tfl) (66) 
which follows directly from equations (28) and (33). Then equations (62) and (64) 
are rewritten as: 
i s t = 0E0 + - RT + RT ктЪ — Τ zia 
2 (67) 
qsi =
 0Eo + - RT + RT k
lQ — Τ
 zsa — 2T xia 2 
(68) 
Obviously, the comparison of isosteric heats of adsorption leads to the same difficulty 
as the comparison of entropies : the difference between theoretical and experimental 
values is cancelled by choosing a proper value for the vibrational entropies in both the 
mobile and localized models. It follows from fig. 5, where the vibrational entropy is 
* 
hVz 
KT 
Fig. 5 The vibrational entropy as a function of the ratio of vi­
brational and thermal energy. 
given as a function of hvz/kT, that at high temperatures and low frequencies, the con­
tribution to the isosteric heat may amount to several kcal/mole. Only when the 
experimental value for qat is considerably higher than the theoretical value, a unique 
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conclusion can be reached; since the vibrational entropy has always a positive value, 
the theoretical value for qst can not be matched to the experiments and the considered 
adsorption model is the wrong one. In section 111-3 the independent estimation of 
vibrational frequencies from a model for the adsorption potential is discussed. 
The procedure of comparing values for qst for the different models described in the 
preceding section is preferred by us above comparing entropies, because it does not 
require intermediate calculations. Following this procedure, we are simply comparing 
heats of adsorption and lateral interaction energies, obtained from the pressure depen­
dence of adsorption isotherms, with the same quantities obtained from the tempera­
ture dependence of the same isotherms. In essence, the procedure is of course equi­
valent to a comparison of differential entropy values. 
II-6 THE INFLUENCE OF HETEROGENEITY 
As pointed out in the introduction to this chapter, the influence of heterogeneity can 
be estimated in a reliable manner only after a model for monolayer adsorption on a 
homogeneous surface is chosen. 
Two basic models for heterogeneity may be distinguished, the patch model and the 
random model. In the patch model the surface is assumed to consist of a number of 
homogeneous patches with different heats of adsorption £0. The lateral interactions 
between adsorbed molecules on different patches are neglected with respect to lateral 
interactions between molecules on the same patch, a condition which prohibits the 
patches to be very small. The appropriate adsorption equations have to be applied to 
each patch separately; the mathematical expression for the surface as a whole reads: 
Otot = Σ /i θι with Σ fi = ι (69) 
i i 
For high numbers of patches, equations (69) may be replaced by their integral form, 
viz. : 
f(E0) QfEo) dE0 with: / f(E0) dE0 = 1 (70) 
^OD £Ot> 
where θ(£ο) stands for the dependence of θ on E0 as defined by the adsorption equa­
tion; Еоъ and Eoe stand for the maximum and minimum values of E0, fi denotes the 
fraction of the total surface occupied by the г-th patch and/(£Ό) the differential distri­
bution function of the heat of adsorption. 
The other model for heterogeneity has been proposed by Hill2 5 and Steele26 and 
is based on a random distribution of adsorption sites with the same heat of adsorption 
over the surface, while it contains the same kind of distribution functions for the heat 
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of adsorption as the patch model. This so called random model may be considered 
as the opposite of the patch model ; in the patch model the influence of the lateral 
interaction between adsorbed molecules on different patches is neglected, while this 
particular type of interaction forms the basis of the random model. In the latter 
model lateral interaction between adsorbed molecules with the same heat of adsorp­
tion is a coincidence. For the random distribution model alone no general expression 
can be derived. Hill2 5 derived an equation for the combination of the Fowler-Guggen­
heim model and random heterogeneity : 
r
Eoe
 f(E0)dE0 
Qioi=
 Έ 7 F~\ ( 7 I ) 
η \ RT 
For the differential distribution function/(£Ό) in equation (71) the same condition as 
given in equation (70) holds. 
The general equation for patch heterogeneity (69) has found a broader application 
than equation (71). Adamson and Ling2 7 proved that equation (69) can be used to 
describe any adsorption isotherm with any adsorption model, provided that the right 
distribution function for the heat of adsorption is used and that the difference between 
Еоь and Eoe is large enough. A general expression for/(£O) reads: 
f(Eo) = expfa + b E0 + с El + d E30 + ....) (72) 
the number of the constants (a, b, c,d,...) minus 2 gives the number of extremes for 
the distribution function and thus a function with more than one maximum can be 
obtained. The distribution function of equation (72) again needs the normalizing 
equation (70). 
Ross and Olivier' used the patch model with a Gaussian distribution curve and the 
two-dimensional van der Waals model to describe adsorption on fairly homogeneous 
surfaces. Their distribution function is expressed by : 
f(E0) = - exp[-Yf£0 - E'J2] (73) 
η 
with the normalizing condition : 
¡•Eoe 
n= / ы?[-у(Ео-ЕХ]аЕо (74) 
EobJ 
In equation (73) и is a normalizing factor and £„ the mean heat of adsorption; γ is a 
measure for the heterogeneity, with the dimension of cal_2mole2. Equation (73) is a 
ЗІ 
three parameter form of equation (72). In a non-analytical way, by means of computer 
calculations, Ross and Olivier found a relation between the apparent critical tempera-
ture, the critical temperature according to the van der Waals model and the degree of 
heterogeneity : 
^ = / - — (75) 
where r ¿ and Тег stand for the apparent and the theoretical value of the two-dimen­
sional critical temperature respectively, and сц is a constant with the value 2.433 i o - 3 
calcinole. Equation (75) shows that heterogeneity apparently causes a more super­
critical behaviour of the adsorbed gas, so that on applying the two-dimensional van 
der Waals equation without a distribution of heats of adsorption to an adsorption 
isotherm on a heterogeneous surface, a value for km is obtained, which is higher than 
the corresponding theoretical value ; according to equation (20), the product of Ä;m 
and Τ being a constant, this results in a lower value for Tei- The influence of this 
phenomenon on the adsorption equation for a homogeneous surface is obtained by 
substitution of equation (75) in equation (28) with the help of equation (20): 
mr,; = mr/w - §; + m (-^) + J L _ *
m
e (, - ^ )
 m 
Equation (76) can be used to obtain a value for γ, which is a measure for the hetero­
geneity of the surface, from the difference between the measured and theoretical 
value for km, but only after the applicability of the van der Waals model to a homo­
geneous sample of the same surface has been proved. An example of this procedure 
is given in section iv-9 for the adsorption of krypton on copper samples. 
II-7 MULTILAYER ADSORPTION 
The name multilayer adsorption is used for two phenomena, viz. the simultaneous 
adsorption in different layers on a homogeneous surface after the first two or three 
layers have been filled and the adsorption on a heterogeneous surface, where adsorp­
tion in the second and higher layers already occurs before the first monolayer is filled. 
In either case no difference between adsorption in successive layers is observed and 
consequently no information is obtained about the nature of the surface. Illustrations 
of both situations are given by the high pressure region in fig. 1 and the lower pressure 
region in fig. 2. 
The reason for dealing with multilayer adsorption in this section is the historical 
interest of multilayer adsorption theories, next to the fact that some equations for 
multilayer adsorption are used with remarkable succes for estimating surface areas of 
adsorbents. The historical interest arises from the fact, that, although equations for 
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monolayer adsorption were derived as early as 1925, it took some 20 more years 
before homogeneous surfaces came available to be tested ; in the meantime equations 
for multilayer adsorption were needed but as a consequence of the lack of under­
standing of adsorption phenomena, they were developed for homogeneous surfaces. 
One of the first attempts to describe multilayer adsorption on homogeneous sur­
faces has been made by de Boer and Zwikker28. They derived a model that accounted 
for the sigmoid shape of adsorption isotherms. Their theory was based upon the 
induction of dipoles in the adsorbed molecules and by an appropriate choice of the 
parameters they could even construct isotherms intersecting the />o-axis. The isotherm 
equation has the form : 
where Ki, Кг and K3 denote adjustable parameters. 
The most successful theory for multilayer adsorption is the BET-theory of Brunauer, 
Emmett and Teller10. This theory may be regarded as the multilayer extension of the 
Langmuir equation. It was based on the following considerations: the first layer is 
an ideal localized layer and each adsorbed molecule provides an adsorption site in 
the next layer; the heat of adsorption in the second and higher layers has the same 
value as the heat of condensation in the bulk phase. The equation is usually written 
as: 
η ι с — ip 
+ - (78) v(p—Po) V
m
c V
m
c po 
In equation (78) po denotes the vapour pressure of the adsorbed phase at infinite 
thickness, V the adsorbed volume and V
m
 the monolayer volume, с is a function of 
the difference between the heat of adsorption in the first layer £01 and the heat of 
condensation in the bulk phase £Oh : 
0Ç1 (Eoi — Eoh\ , . 
с = — exp — (79) 
o?h \ RT } 
By plotting the left hand part of equation (78) against the relative pressure, Fm and the 
surface area are obtained. For surfaces with isotherms as given in fig 2, the expected 
linear dependence is only found for relative pressures between 0.05 and 0.35. Although 
the model is basically a model for multilayer adsorption on homogeneous surfaces, 
its applicability is restricted mainly to the region of the first monolayer on heteroge­
neous surfaces. The explanation is perhaps to be found in the fact, that at normal 
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adsorption temperatures of about 80o К, really localized adsorption is only to be 
found on heterogeneous surfaces, so that only on heterogeneous surfaces one of the 
basic assumptions of the model is fulfilled. 
Another model for multilayer adsorption is known as the Frenkel-Halsey-Hill 
t h e o r y 2 9 · 3 0 ' 3 1 . It is derived for the third and higher monolayer regions on homo­
geneous surfaces. The adsorbed film is treated as a bulk-like phase. The three authors 
arrived independently on an equation of the type: 
h(£)~! (8o) 
where С is a constant and the value of r depends on the nature of the attractive forces 
of the surface and may be considered an adjustable parameter. 
A more empirical method is the /-method of Lippens and de Boer32. These authors 
estimated the thickness of the adsorbed layer t for a number of oxides as function of 
p/po and used the so called universal /-curve to estimate surface areas and poresize 
distributions. 
Of the four described models for multilayer adsorption only the second and the 
last model have proved to be of practical importance. Surface areas obtained with 
the BET-equation show fair quantitative agreement with values obtained by inde­
pendent methods. Surface areas obtained with the /-method are of the same reliability 
because the thickness / has been estimated with the BET-equation. 
SUMMARY 
In chapter π a review is given of the development of the general theories of physical 
adsorption to date. 
The adsorbed phase is considered to be a separate phase. The final equations for 
monolayer adsorption are restricted in their applicability to monatomic ideal gases. 
With the aid of simple thermodynamics the choice of an adsorption model from the 
temperature dependence of adsorption isotherms in the first monolayer region is 
discussed. 
The interpretation of the influence of heterogeneity upon the choice of an adsorp­
tion model is shown to be rather uncertain. 
In the last section the theories on multilayer adsorption are reviewed; they appear 
to be of little interest from a theoretical point of view since the theoretical assumptions 
are not in agreement with experimental observations. None of the theories yields 
information about the nature of the adsorbing surface. 
The theoretical calculation of the heat of adsorption is omitted from this chapter, 
because it depends strongly upon the particular surface properties. For metal surfaces 
such a calculation will be given in the next chapter. 
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CHAPTER III 
THEORY OF PHYSICAL ADSORPTION ON METALS 
III-I INTRODUCTION 
Because of the electric field that may be expected to exist above metal surfaces, 
physical adsorption on metals has to be treated separately from adsorption on other 
surfaces. 
The special character of physical adsorption on metals led Magnus1 to the deriva­
tion of an adsorption equation for adsorption on metals and charcoal, identical to the 
two-dimensional van der Waals equation but with a negative two-dimensional attrac­
tion constant. In his model the lateral interaction consisted only of the repulsion 
between dipoles, induced by the electric field. 
An experimental indication of the existence of an electric field above metal surfaces 
was given by Langmuir2. In explaining the dependence of electron emission by metals, 
partially covered with cesium atoms, upon the degree of coverage, he came to the 
conclusion that the adsorbed atoms were polarized; he attributed the decrease of 
the dipole moment with increasing degree of coverage to mutual depolarization of 
the dipoles. 
Positive values of the surface potential, measured as a decrease of the work func­
tion, as found by Mignolet3·4 on adsorbing inert gases on metal films, were also 
ascribed to the formation of induced dipoles. 
The deviating properties of metals led to a number of theories dealing with the 
adsorption potential above a metal surface5· 6· η·8. 
In this chapter the properties of metals will be applied to the general adsorption 
theories in so far as they give rise to a different approach of adsorption problems. 
III-2 MOBILE OR LOCALIZED ADSORPTION 
Before applying the metal properties to the theory of adsorption we will present 
a preliminary discussion on the probabilities of localized and mobile adsorption on 
metal surfaces. 
The adsorption behaviour of a given gas is determined completely by the adsorptive 
properties of the surface. The surface generates an adsorption potential U(x, y, z). 
For a homogeneous surface the adsorption potential is a periodic function of л: and y, 
with maxima and minima fixed by the underlying surface structure (see fig. 6). As a 
first approximation the question whether adsorption is mobile or localized is determi­
ned by the difference between the maxima and minima of U(x,y,z), defined as two 
35 
times AU. Then AU may be called the barrier for translation along the path of the 
lowest values for U(x, y, z). If AU is much smaller than the thermal energy kT the 
translations parallel to the surface are excited and the adsorption is mobile. If AU 
is high with respect to kT, the adsorption may be considered as localized. Localized 
adsorption may be defined as adsorption of molecules fixed in minima of adsorption 
potential with few displacements to other minima due to translational movements 
along the surface. Of course there will always be shifts by successive desorption and 
adsorption to other minima. 
Fig. 6 Schematic drawing of the adsorption potential above a surface. 
In the intermediate region where AU is of the same order of magnitude as kT, the 
question is far more complicated. Then the number of displacements will be relatively 
high. In terms of entropy, in this intermediate region the entropy of the adsorbed 
molecules is built up from a vibrational degree of freedom in the ζ direction, two 
partial translational degrees of freedom in the χ and y direction and two partial 
vibrational degrees of freedom in the χ and y direction. With rising temperature a 
gradual shift from localized to mobile adsorption will take place. Arbitrarily we 
define a transition temperature 7t with mobile adsorption for 7\ > AU ¡к and loca­
lized adsorption for T\ < AU/k. 
A treatment of the problem indicated above is given by Ricca, Pisani and Garrone9. 
Those authors calculated the probabilities of the residence of helium atoms at 
different positions above the (100) crystal face of krypton and xenon lattices. For 
the pair potential they chose the Lennard-Jones (6-12) model, consisting of an attac-
tive part with negative power 6 of the distance and a repulsive part with the negative 
power 12. By means of lattice summations they estimated translational barriers AU 
of 13 and 14 io_ 2 3cal/atom; these values correspond with transition temperatures of 
39 and 43° К for krypton and xenon surfaces respectively. 
Van Dongen1 0 calculated Ai/-values for the adsorption of helium, neon, argon, 
krypton, xenon, hydrogen, nitrogen and methane on graphitized carbon blacks with 
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the aid of lattice summations. For none of the gases the transition temperature 
exceeded 500K. 
A different approach to the problem was made by Hill1 1, especially for the inter­
mediate region. With the aid of statistical thermodynamics he derived an equation 
for the heat capacity of adsorbed gas as a function of the temperature for different 
values οι AU. From equation (58) it follows: 
\ÒTjA,Na 
By introducing for Qe, an equation, obtained by combining the corresponding 
equations for mobile and localized behaviour, he arrived at an analytically non-
soluble equation for ca in the intermediate region. The numerical solution yielded a 
temperature function for the heat capacity starting for completely localized adsorp-
tion at o°K, going through a maximum in the intermediate range somewhat above 
2k and then approaching asymptotically the value к for the completely mobile case 
at high temperatures. From the d-T curves for different values of ΔU a semi-quanti­
tative correlation between the temperature of the maximum and the value of AU 
appeared to be: 
AU 
Tmax — — r (82) 
5k 
Apparently, this more refined treatment results in a more accurate criterion for the 
transition temperature, yielding a five times lower value than the approximate relation 
given above. 
A similar treatment was used by van Dongen1 0, for the adsorption of argon, 
krypton and xenon on the bromides of sodium, potassium and cadmium. His adsorp­
tion temperatures of 80 to ioo0K appeared to be much higher than the transition 
temperatures calculated from AU with equation (82), so that on those three salts he 
concluded the adsorption to have a predominantly mobile character. 
The considerations as given above, are dealing only with low values of Θ, where 
the mutual influence of adsorbed molecules may be neglected. At high degrees of 
coverage, however, the two-dimensional pressure Φ may play an important role. 
Even at temperatures around the two-dimensional critical value the adsorbed mole­
cules may be forced into a dense ordered packing. A very convincing example of this 
phenomenon is given by Thorny and Duval1 2 ' 1 3. On adsorbing neon, krypton, xenon 
and methane on exfoliated graphite they found a second phase transition in the first 
monolayer, viz. from a two-dimensional liquid to a more ordered state. Tomy and 
Duval correlated the densification of the adsorbed layer during the second phase 
transition for the different adsórbales to the differences in lattice spacing between the 
δ
2
 Inf öaj 
δΤ
2 
Α, Ν, 
+ 2 kT δ infßa; 
δΤ" 
Α,Ν
α 
(81) 
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adsórbate and graphite, there by proving that the structure of the solid phase was 
governed by the adsorbing surface. The existence of an ordered adsorbed phase for 
xenon on graphite at higher coverages in the first layer was also proved by low-energy 
electron diffraction (LEED) measurements by Lander and Morrison14. With the 
same LEED-technique Palmberg15 observed similar regular arrays for xenon on the 
(i io)-face of palladium at high degrees of coverage in the first monolayer and Chesters 
and Pritchard16 for xenon on the ( i n ) and (loo)-faces of copper. 
It will be obvious, that the influence of the surface on adsorption in the second and 
higher monolayers will be diminished considerably and that no localized adsorption 
will occur in those layers as a consequence of the structure of the surface. At tempe-
ratures below the triple temperature of the gas, however, a solid bulklike adsorbed 
phase may be expected for equilibrium pressures in the neighbourhood of />o17· We 
will come back on this phenomenon with respect to adsorption on metals in section 
IV-7. 
Table 2a. Site areas so on crystal faces of graphite, copper, nickel, sodium bromide, 
potassium bromide and cadmium bromide. 
graphite Cu Ni NaBr КВг СаВті 
face basal ( π ι ) (100) (110) ( in ) (100) (110) (100) (100) (0001) 
So kz 5.25 2.82 6.51 9.21 2.68 6.18 8.74 17.84 21.78 13.51 
Table 2b. Molecular areas do oí argon, 
krypton and xenon according to the van 
der Waals model. 
<7оАг 
A 
13.62 
Кг 
15.64 
Xe 
18.52 
The influence of the periodic fluctuation of the adsorption potential AC/ on the 
adsorption behaviour of a given adsórbate molecule on surfaces with adsorption 
potentials of the same magnitude may be expected to depend on the ratio of the 
molecular area of the adsórbate ao and the site area ίο, defined as the surface area 
containing one potential minimum of U(x,y, z). For a high ratio the adsorbing mole­
cule is hardly influenced by a single potential well, it behaves as if moving on a flat 
surface and the adsorption has a mobile character. For a ratio OO/JO much smaller 
than one, localized adsorption is expected to occur even at higher temperatures. In 
table 2a the site areas So are given for graphite, three crystal faces of copper and nickel 
and the adsorbing faces of van Dongen's salts. The molecular areas for argon, krypton 
and xenon are listed in table 2b according to the van de Waals model. The adsorption 
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of argon, krypton and xenon being mobile at 8o0 К on graphite according to both 
criteria for 7tr, and the adsorption of the same gases on the salts having a mobile 
character above 80° К according to equation (82), tables 2a and 2b lead us to expect 
that also on metals noble gas adsorption will be mobile. 
A final answer to the question wether the adsorption on metals is localized or 
mobile will be obtained only after a thorough analysis of adsorption measurements 
on metal surfaces, which will be given in section IV-5. 
Ш-3 THE HEAT OF ADSORPTION 
The heat of adsorption on metals will be calculated under the assumption of 
mobile adsorption, the probability of which is discussed in the previous section. This 
implies that the fluctuations in the χ and у directions are ignored and that the function 
U(x, y, 2) is replaced by t7(z). The adsorption potential for adsorption of monatomic 
gases on metals may be approximated by the sum of three contributions, viz. an 
attractive part for the dispersion potential, one for the attractive polarization poten­
tial and one for the repulsion potential : 
U(z) = U
u
(z) + i W z j + C/
re
pfzj (83) 
Э 
t 
U mm.. 
Fig. 7 The adsorption potential as a function of the distance to 
the surface with some characteristic quantities. 
The heat of adsorption E0 is calculated from the minimum value of the adsorption 
potential C/(z) by subtraction of the zero-point vibrational energy Av
z
/2, as is shown 
in fig. 7. The three contributions to the adsorption potential will be given in separate 
sections. An alternative 'chargetransfer no bond complex' model will be dealt with 
in section 111-4. 
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a. The dispersion potential 
The first theory for the London-van der Waals or dispersion potential of metals 
was developed by Lennard-Jones6. Lennard-Jones regarded the metal as a perfectly 
polarizable system, because of the mobility of the fluid of conduction electrons. For 
the dispersion attraction potential he took the Coulomb attraction between an ad­
sorbed molecule and the electrical image of its fluctuating dipole. For spherical 
molecules he derived the equation : 
m с
2
 χ 
Uu = f (84) 
2 ζ3 
In this formula m, с and χ are standing for the mass of the molecule, the velocity of 
light and the magnetic susceptibility of the adsorbed molecule. 
Bardeen7 followed a similar procedure as Lennard-Jones but he also took into 
account the mutual interaction of the electrons in the metal. His formula results in 
a much smaller dispersion potential than equation (84) : 
aKe2 ι 
UB =
 7 — r - - (85) 
\ 2 relJ 
where α stands for the polarizability and / for the ionization energy of the gas mole­
cule; AT is a numerical constant approximately equal to 2.5 and re is the radius of a 
sphere in the metal containing one conduction electron. 
Margenau and Pollards also corrected the model of Lennard-Jones. They did not 
assume the metal to be ideally polarizable, as a result of a phase difference between 
metal electrons and the fluctuating molecular dipoles. Their equation reads: 
_ е
2
х(К h2n 
C/MP = — - J - ) - (86) 
16 \r
e
 π m IJ ζ3 
The meaning of the symbols is the same as in equation (85) ; h stands for Planck's 
constant and η for the density of conduction electrons in the metal. 
Instead of starting with the image potential principle, Prosen and Sachsβ treated 
the problem directly by means of perturbation theory. In their model the interaction 
is due to the field of the instantaneous dipole moment of the adsorbed molecule 
acting on the electrons and positive ions of the metal. They assumed the metal wave 
functions to be products of plane waves and the charge distribution for the positive 
ions to be smeared out. They arrived at the following equation : 
е
2
а(зк2п2)2і3 
8π2 ζ2 
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The equations (84)-(87) yield only one attraction potential curve for a certain metal. 
The dispersion potential is not depending on χ and y ; it is therefore impossible to 
calculate different potentials for the various exposed crystal planes of a metal, all the 
parameters being isotropic bulk properties of the metal. In the four models the in­
fluence of an electric field outside the metal is not considered. 
b. The polarization potential 
The oldest picture of an electric field outside a metal describes the fields as resulting 
from a double charge layer, formed by a protruding electron cloud and the resulting 
positively charged bulk metal. In this simplified model a constant electric field exists 
only between the imaginary condenser plates. A review of this model and its difficul­
ties is given by Mignolet3; according to Mignolet the limits of the double charge 
layer are difficult to define, especially with reference to the dimensions and the location 
of the adsorbed molecule. In actual fact there is no well defined limit on the gas side, 
since the electron density has a finite value even at higher distances from the metal 
surface. 
A more realistic method of calculating the field outside a metal with the aid of 
Fermi statistics was developed by Mrowka and Recknagel18. Their derivation of a 
dimensionless electric potential and electron density led to an impracticable formula 
for the electric field. We will use the same Thomas-Fermi method in order to arrive 
at a useful equation for the electric field. The model involves a metal with completely 
free conduction electrons which are treated by Fermi statistics. The positive charge 
of the ions is thought to be smeared out in the metal. It is assumed that half the 
conduction electrons of the outermost layer of atoms are moving outside the metal. 
Instead of the spherical treatment of the Thomas-Fermi method with one dis­
tance parameter used in quantum mechanics of atoms1 9, the one-dimensional plane 
treatment is used for the metal surface. The Thomas-Fermi relation between the elec­
tron density η and the potential V reads2 0 : 
24/2π m?l2e3l2 
η = £ VW (88) 
3 h3 
The requirement of self-consistency, namely that the electrostatic potential V shall 
be created by the electron cloud of density η and the ions in the system, is expressed 
in Poisson's equation: 
5 2 F\ 
— 1 = 4™ e (89) 
After substitution of equation (88) into (89) we obtain the following differential 
equation: 
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d 2 V 213/2„2„3/2eS/2 
= V3/2 = a W2 (go) 
dz2 з h3 ^ } 
The first boundary condition is that the electric potential at an infinite distance from 
the surface equals zero: 
^ ζ - , α ο = 0 (91) 
The second boundary condition is formulated from the value of the electric field 
above an infinitely large charged plate. We assume the number of conduction elec­
trons per metal atom to be one, which is strictly only true for alkali metals. When 
half of the conduction electrons from the atoms in the exposed crystal plane are 
thought to protrude outside the metal, the electric field at an infinitely small distance 
from the surface is supposed to equal the field above an infinitely large charged plate 
with charge density Njz, where N stands for the density of metal atoms in the exposed 
crystal plane. The boundary condition reads : 
[TZ)z^o = -nNe (92) 
In order to solve equation (90) we have to reduce its variables. For V = δ Y and 
ζ = $X we obtain from equations (90), (91) and (92): 
(93) 
(94) 
(95) 
(96) 
d2Y 
_ УЗ/2 
dX2 
lrx-<x, = o 
/dy\ 
[dxjx -» 0 ~ I 
δ and β must satisfy: 
ρ = aS3/2 and 
yielding: 
л
4/5ДГ4/5
е
4/5 
δ = т. 
δ 
ß = 
= nNe 
,2 /5 
л
1/5ДГ1/5
е
1/5
а
2/5 
(97) 
(98) 
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Assuming that the equation for У is of the form: 
Y=d(b + X)° (99) 
it follows that: 
Y'= cd(b + X)c-1 (100) 
Y" = c(c — r)d(b + X)*-2 (ιοί) 
With equation (93) this yields с = -4 and d = 400, so that: 
400 
Y=— (102) (b + X)* 
This equation (102) satisfies the boundary condition (94); equation (95) yields 
b = 26/552/5. After the reintroduction of V and ζ we obtain the following equation 
for the electric potential : 
Ae 
V = (103) (i + B
e
z)* У •" 
where Α
κ
 and B
e
 are dependent only on N, the atom density of the considered metal 
crystal plane: 
ie = i3-^-) ^ NW (IO4) 
* = (-^ΑΠ 1/s ^  (I05) 
For face centred cubic lattices N is calculated for the three densist crystal planes 
from: 
1 (11 i)-plane : N = -5 
' W 3 
1 (loo)-plane: N = - 5 — (106) 
1 
(iio)-plane: N = 
r^4si2 
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where r
m
 denotes the radius of a metal atom as can be calculated from bulk density 
and X-ray data. 
For the electric field we derive from equation (103): 
_ d V __ 4A
e
Be 
_
~ d 7 - (I + B
e
z)5 (107) 
The classical polarization potential may be calculated from the following equation : 
4202 8aAiB2
e 
_ aF2 (108) 
Equation (108) is derived on the assumption that the adsorbing atom is so very small, 
that the electric field may be considered to be constant. This assumption is far too 
approximate, as is shown in fig. 8, where the electron density outside the (11 i)-plane 
of copper is plotted against the distance z. A krypton atom is reproduced on the same 
scale as the copper atoms to indicate the extensiveness of the field. 
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Fig. 8 The electron density above the (11 i)-face of copper 
calculated with equations (88) and (103); the semi-circles 
represent surface copper atoms, the full circle an adsorbed 
krypton atom. The dashed curve represents a possible elec­
tron density in the metal. 
A more accurate method of estimating the polarization potential from the electric 
field is offered by the Lenel-formula21, where the contribution to the polarization 
potential is integrated over the adsorbed atom : 
tfpoi = - j ; / l (V - K0 >)2pdT (109) 
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In equation (109) /' is a characteristic energy, which for inert gases is about the 
ionization potential Ije, Vo the electric potential in the centre of the atom, ρ 
the density of the electron cloud of the atom and dx a volume element. The elec­
tric potential V is given by equation (103). ρ was calculated by Fermi20 from the 
spherical treatment of equation (88) and expressed as a function of the dimensionless 
distance to the centre of the atom r/g: 
Ze 
WS3 
Ψ (r/g) 
rig 
3/2 (no) 
with Ζ as the symbol for the atomic number of the adsorbed atom and g as an 
adjusted Bohr radius (дь) according to : 
32i3h2 
213/W3mee2ZV3 
( I I I ) 
φ stands for a function characterized by the differential equation : 
Vvfr/g) vfr/g)3/* 
d(rlg)2 (r/g)1'' (112) 
Fig. 9 Coordinates for integration 
according to Lene!. 
The integration over the adsorbed atom is carried out for ringshaped elements as 
illustrated in fig. 9. The volume of a ring element άτ is expressed by : 
dx — 2nr2 sinfaj dr da (113) 
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With ζ = Zo — r cos(a) equation (103) yields for V and V0·. 
Ae 
V = 
Vo = 
[l + BeZo — Ber cos(a)]4 
A
e 
(1 + B
e
z0)* 
(114) 
(115) 
Substitution of equations (114) and (115) in equation (109) and rearrangement 
yields : 
_ (y у ¡2 — Î 
ƒ' 0/ Γ(Ι + BeZo)· 
I + BeZo 
— I 
. ι + B
e
Zo — Ber cos(a) 
After substitution of Be/(i + BeZo) by b we find for the polarization potential: 
¿2 rre >*π 
(пб) 
^роі = "77 
Г(І + BeZo)* [ι — b г cos(a)Y 
Ζ e g 3/V / 2 2π r2sm(a.) dr da ( π ? ) 
for t — cos(a), χ = rlg and after integration over / from + 1 to -1 the final equation 
for the polarization potential becomes : 
t/pol = Uo I 
rr
e
'g 
jfi + bgx)1 Jii — bgx)1 3(1 — bgxP 
3(i + bgxP 
where Uo stands for: 
Al Ζ e 
2bgx x-vbfW dx 
Uo = 
2 gl'bfj + BeZo)1 
(IIS) 
(119) 
The integral equation (118) cannot be solved analytically because φ(χ) is not known 
explicitly but is defined by the non-soluble differential equation (112). The numerical 
solution has to be carried out with the aid of an electronic computer. First q>(x) is 
solved numerically and for a high number of x-values the solution is stored up; then 
with equation (118) the polarization potential is calculated for a number of Zo-values, 
using the stored (p(;c)-values. The obtained values of Upoi are fitted by the method of 
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least squares to an exponential expression. We obtained the best fit with a three 
parameter equation of the form : 
l/poi = -P e\p(q z0 + s zi) (i2o) 
In table 3 the resulting values of p, q and s are reproduced for argon, krypton and 
xenon on the ( in), (100) and (iio)-faces of copper and nickel. From the values of 
ρ it may be deduced, that the polarization potential is highest for xenon and that all 
gases are polarized to a higher degree on nickel. The electric field appears to be 
strongest above the densest crystal faces. 
Table 3. Constants of equation (120) for the polarization potential. 
gas-
metal 
argon 
on 
nickel 
krypton 
on 
nickel 
xenon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
copper 
xenon 
on 
copper 
face 
( m ) 
(100) 
( n o ) 
( m ) 
(100) 
( n o ) 
( i n ) 
(100) 
( n o ) 
( m ) 
(100) 
(HO) 
( m ) 
(100) 
( n o ) 
( i n ) 
(100) 
( n o ) 
Ρ No 
cal/mole 
+ 1-7532 
+ I.2873 
+ O.6135 
+ 4.6233 
+ 3-3803 
l·- 1.5967 
+ 12.25ЗЗ 
+ 8.7954 
+ З.9919 
+ 1.5664 
+ i.1504 
+ 0.5487 
+ 4.I24I 
+ 3.0166 
+ 1.4263 
+10.8563 
+ 7.7984 
+ 3.5460 
IO6 
IO6 
IO6 
IO6 
10° 
IO6 
IO6 
IO' 
IO« 
IO« 
IO« 
IO« 
IO6 
IO6 
IO6 
IO6 
IO6 
IO6 
4 
Â-1 
-2.8809 
-2.8091 
-2.6426 
-2.9060 
-2.8322 
-2.6614 
-3.0210 
-2.9387 
-2.7497 
-2.8545 
-2.7834 
-2.6182 
-2.8788 
-2.8057 
-2.6365 
-2.9908 
-2.9092 
-2.7222 
s 
к-* 
ο.ι86ι 
0.1790 
0.1630 
O.I89I 
O.I8I8 
0.1653 
0.2028 
0.1944 
0.1755 
0.1835 
0.1765 
0.1607 
0.1864 
0.1792 
0.1629 
0.1997 
O.I9I4 
0.1728 
с. The repulsive potential 
The repulsion between an adsorbed atom and the adsorbing surface is due to the 
interpénétration of electron clouds, together with the Pauli-principle. The repulsion 
potential forms the least well known contribution to the adsorption potential, because 
it is extremely difficult to express this potential in a theoretically reliable form. It is 
therefore not very surprising that a number of investigators, after fixing the equili-
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brium distance, accept a rough estimate for the repulsion potential, taking it to be 
20 % or more, of the attraction potential 2 2 · 2 3 . 
The simplest repulsion model is used in the van der Waals equation, where the 
repulsion is a step function of z, having an infinite value at distances smaller than the 
total of the collision radii and becoming equal to zero at greater distances. 
A more realistic empirical equation, extensively used in potential calculations 
because of its mathematical simplicity, has the form: 
UTCp = t Ζ"« ( I 2 I ) 
where t and и are constants ; for и values from 6 to 11 are variously chosen, 9 being 
the most common value. This value 9 is equivalent to 12 in the well-known Lennard-
Jones (6-12) potential24 for interactions between pairs of molecules; for, in the con­
version of the interaction between pairs of molecules into the interaction between a 
molecule and a surface, an integration over three directions has to be carried out and 
consequently the power value of-12 becomes -9. 
Another simple equation, of a form that may also be obtained from theoretical 
considerations as given by a number of investigators25, reads: 
f/rep = ν expf-w z) (122) 
Again ν and w are constants depending upon the electronic properties of the adsorbed 
molecules and the surface. 
A theoretical treatment of the repulsive potential of metals was performed by 
Pollard2 6. Pollard calculated the short range exchange interactions as part of the 
total energy of the system adsorbed atom-metal. In his model the wave function of 
the metal is considered to be the antisymmetrized product of doubly occupied plane 
wave functions, the charge of the positive ions to be smeared out and the influence 
of the different electron density near the surface to be small enough to be neglected. 
For visiting atoms with wave functions that can be represented by a is-function he 
derived : 
Ki — Кг -\- Кг 
^
е р =
 / - Δ 2 
with: 
ò?=p(rt)F(z) 
K1 = e2p(re) G(z) 
Кг = e
2
 q(u) F(z) 
K3 = e
2
 p(r
e
) q(r
e
) F(z) 
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and: 
вд
-і'
+;Ч-Э ('23) 
I 2Z 
G(z) = —exp 
2a \ a 
P(re) = ^ - c o s h l — г- sinhi — 
П \a) r\ \al 
q(r
e
) = - c o s h ( — ) 3-
In the set of equations (123) r
e
 stands for the radius of a sphere in the metal containing 
one conduction electron and a for the equivalent Bohr radius of the wave function 
of the adsorbed atom. The only noble gas for which the condition of a is-function 
is fulfilled is helium, with a = 0.59 аь, аь being the Bohr radius. In the case of helium, 
the calculation of t/rep reveals, that equation (123) is accurately approximated by 
equation (122); for helium on copper we find w = 5.659 A - 1 and for helium on 
nickel w = 5.697 A - 1 . As might be expected from the set of equations (123) the 
constant w is mainly governed by the wave function of the adsorbed atom. 
A method to extrapolate the results of helium to other gases is offered by the 
Buckingham-Corner (6-exp) potential for the interaction between molecules: 
С 
U(r) = - — + ν expf-w r) (124) 
r
6 
According to Hirschfelder et al.2Ί the values of w for combinations of unlike mole­
cules may be calculated from values of combinations of like molecules, obtained ex­
perimentally with equation (124), with the equation: 
1 
WA-B = - (WK-A + WB-BJ (125) 
Equation (125) may also be used to relate unknown values of w for certain atom-metal 
combinations to known values for atom-atom and metal-metal combinations, because 
the constant in the exponent is not influenced by the necessary integration over three 
directions. The pre-exponential constant ν will not remain the same as a result of 
these integrations and therefore an equation for v, similar to equation (125) cannot 
be used to obtain this constant from known values of other combinations. With 
equation (125) it is possible to calculate w for argon, krypton and xenon on copper 
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and nickel from the calculated values for helium on copper and nickel together with 
literature values for helium-helium28, argon-argon, krypton-krypton and xenon-
xenon
27
. The results are compiled in table 4. The values of the pre-exponential con­
stant ν will be obtained in another way, as described below. 
Table 4. Exponential constants of the repulsion equation 
(122). 
combination 
helium-helium 
argon-argon 
krypton-krypton 
xenon-xenon 
helium-nickel 
helium-copper 
nickel-nickel 
copper-copper 
argon-nickel 
argon-copper 
krypton-nickel 
krypton-copper 
xenon-nickel 
xenon-copper 
source 
Margenau28 
Hirschfelder27 
Hirschfelder21 
Hirschfelder27 
calculated eq. (123) 
calculated cq. (123) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
calculated eq. (124) 
wA.-1 
5.365 
3.261 
З.033 
2.931 
5697 
5.695 
6.029 
6.025 
4.825 
4.823 
4.531 
4.529 
4-475 
4-473 
For the calculation of the heat of adsorption £Ό from t/(z) we will try two simple 
equations for t/rep: the exponential function (122) with fixed values of w and the 
power function (121) with и = 9. A qualitative argument for the use of the power 
function may originate from the assumption of Pollard in deriving his set of exponen­
tial functions (123). He assumed that the contribution of the higher electron concen­
tration outside the metal, together with the low concentration in the metal near the 
surface, could be neglected. However, since the repulsion forces are short range 
forces, this seems unlikely; we would rather expect a substantial, though not a do­
minating, contribution to the repulsion potential of the electrons near the surface. 
Then the repulsion potential depends on the wave function of the protruding elec­
trons, the square of which equals the electron density as given by equation (88). 
After substitution of equation (103) in (88) the contribution of the protruding elec­
trons to the repulsion potential seems to be governed by some power of the distance 
to the surface. In consequence of the experimental usefulness of и = 9, e.g. in the 
surface analogue of the Lennard-Jones (6-12) potential, we will also use this value. 
In the above, four equations for the dispersion potential are presented, one equa­
tion for the polarization potential and two for the repulsion potential. Together they 
yield eight different combinations for U(z), listed in table 6, each with one unknown 
constant, viz. ν in the exponential repulsion equation or t in the power repulsion 
equation. By introducing an extra condition the unknown constant can be solved. 
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For this condition we may choose between fixing Zmin, the distance where the adsorp-
tion potential reaches its minimum value, or fixing the collision distance zc, the dis-
tance where the adsorption potential equals zero. Zmin should be the sum of half the 
equilibrium distances in the solid metal and in the comparable state of the adsórbate. 
The heat of adsorption has about the same magnitude as the heat of sublimation of 
the adsórbate but is considerably smaller than the heat of sublimation in the metal. 
So that half the equilibrium distance in the metal rm is expected to cause too small a 
value for zmin and consequently too high a value for £Ό· We therefore prefer to use 
zc for the extra condition. The collision radius г
е
 for a gas atom appears to have 
almost equal values when derived from the Lennard-Jones (6-12) pair potential29, 
the Buckingham-Corner (6-exp) pair potential29 or the refined treatment of the van 
der Waals model, in which collisions between more than two atoms are considered, 
according to van Dongen3 0. The values for r
s
 to be used are obtained from the 
Lennard-Jones potential and are listed in table 5. The collision distance of the metal 
surface is given the same value as the radius of a metal atom in the lattice r
m
. This 
value might be quite near the real value as a result of two counterbalancing influences, 
viz. a too high value by having taken the equilibrium distance instead of the real 
collision distance and a too small value by having taken it from the very steep 
lattice potential of the metal. A variation of some 5 % in z
c
 resulted for the exponen­
tial repulsion model into a variation of some 10 % in £Ό, demonstrating that the order 
of magnitude of £Ό is not strongly influenced by the approximate nature of the 
assumption for Zc. The repulsion constants ν and t are thus obtained from the condi­
tion: 
U(z, v)z = zc = o and U(z, t)z = Zc = o (126) 
for Zc = r
m
 + Tg. 
Then, the minimum of the adsorption potential is directly calculated from the first 
derivative of C/(z): 
= о (127) 
dz 
The properties of the gases argon, krypton and xenon and of the metals copper and 
nickel, needed for the calculation of t/min and Zmin are listed in table 5. The assump-
Table 5. Molecular quantities for the calculation of U(z). 
gas 
AT 
Kr 
Xe 
a
3 1 
A3 
1.63 
2.48 
4.00 
32.2 
46.5 
71.5 
I N„32 
cal/mole 
363200 
322700 
279600 
A 
1.702 
1.798 
2.05 
Ζ 
i8 
36 
54 
m 
39-94 
83.80 
131.З 
metal 
Cu 
Ni 
A 
1.276 
1243 
5· 
tion of one conduction electron per metal atom yields the following expressions for 
the radius of a sphere with one conduction electron r
e
 and the density of conduction 
electrons л in a face centred cubic lattice : 
3 3s/2 3 *J2 
- - — r
m
 and n = — Л = —г
Ъ
т and л = -Рт- (128) 
Table 6. Equations for eight potential models, 
8π 2 2 2 PSe: U(z) = — ¿-j—¡ Ιη^Γ^π
2
«; 1"] —pcxpfgz + sz2) + ν cxp(-wz) 
m e
2
x LJe: [/("zj = — ρ exp(qz -f sz2) + ν exp(-wz) 
aKe2 ι 
Be: U(z) = — • • — ρ expfqz + sz2) + ν exp(-wz) 
і6г
Л
1+
Т7Гі)2 
e
2
alK h2n \ I 
MPe: U(z) = — —— — — — — ρ expfqz + sz2) + ν exp(-wz) 
io \re η m ¡Ι ζ' 
e
2
 а (гп2п)21* PSp: U(z) = — „ , . \п[2г(ъп2п)^] —pexp(qz + sz2) + i ζ"» 
tm Ζ 
m сЧ. 
U p : U(ζ) f- — ρ exp(qz + sz2) + t z'9 
aKe2 ι 
Bp: U(z) = — г- - — ρ txp(qz + sz2) + t z"» 
e
2
a ¡К h2n \ ι 
MPp: U(z) - _ — l - - — ? - p e x p ( q z + sz2) + / r -
In table 7 the resulting values for Umìn and zmin are given for eight different poten-
tial models, listed in table 6. An illustration of the magnitude and course of the 
several contributions to the adsorption potential is given in fig. 10. For this fig. the 
PSp model from table 6 was used to calculate the adsorption potential for the adsorp-
tion of krypton on the (11 i)-face of copper. 
It is interesting to compare the results listed in table 6 to the results of Crowell31. 
Crowell compared experimental values for £Ό of some noble gas-metal interactions 
to the corresponding values calculated from five dispersion potential models, viz. the 
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Table 7. The values for UminNo in cal/mole and zmin in Â, calculated for 8 models for 
the adsorption potential listed in table 6. 
gas- UmlnNo Гшіп UminNo Tmln UminNo Zmln UmlnNo Zmln 
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
( H I ) 
(100) 
(110) 
( m ) 
(100) 
(no) 
( i n ) 
(100) 
(no) 
( m ) 
(100) 
(110) 
( i n ) 
(100) 
(110) 
( m ) 
(100) 
(110) 
PSe 
-2881 
-2798 
-2638 
-2649 
-2574 
-2430 
-4514 
-4333 
-4021 
-4148 
-3996 
-3703 
-6496 
-6262 
-5810 
-5982 
-5770 
-5349 
3.42 
З.4З 
3-44 
3.46 
3.46 
З.48 
З.52 
3-53 
3-55 
З.56 
3-57 
3-59 
3-79 
3.80 
3.82 
З.83 
З.83 
З.85 
U e 
-4647 
-4561 
-4395 
-4471 
- 4 3 9 4 
-4244 
-6491 
-6322 
-5981 
-6223 
- 6 0 6 6 
-5763 
-8329 
-8089 
-7621 
-7992 
-7774 
-7342 
3 3 6 
З.З7 
3-37 
З.40 
З.40 
3 4 1 
З.48 
З.48 
3-49 
3-51 
3-51 
З.52 
З.74 
3-74 
З.75 
З.78 
З.78 
3.80 
Be 
- 661 
- 572 
- 401 
- 595 
- SIS 
- 361 
-1348 
-1169 
- 826 
-1217 
-1057 
- 746 
-1903 
-1657 
-1180 
-1725 
-1503 
-1078 
З.29 
3 2 9 
З.30 
3-32 
3.33 
3-33 
3.40 
3.40 
3.41 
3-44 
3-44 
3-44 
З.67 
З.67 
З.67 
З.70 
З.70 
З.70 
MPe 
-1552 
-1464 
- 1 2 9 6 
-1458 
-1380 
-1228 
-2490 
-2322 
-197З 
-2330 
-2171 
-1863 
-3278 
- 3 0 3 4 
-2560 
- 3 0 7 6 
-2855 
-2417 
З.З4 
З.34 
З.35 
З.З7 
З.38 
3-39 
3-44 
З.45 
З.46 
3.48 
3.48 
3-49 
3.70 
3.71 
3-72 
3-74 
3-74 
3-75 
PSp U p Bp MPp 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
( I I I ) 
(100) 
(no) 
( m ) 
(100) 
(no) 
( I I I ) 
(100) 
(no) 
( H I ) 
(100) 
(no) 
( H I ) 
(100) 
(no) 
( i n ) 
(100) 
(no) 
-2163 
-2127 
-2056 
-1987 
-1955 
-1891 
-3324 
-3248 
-3099 
-3051 
-2983 
-2849 
-4646 
-4551 
-4360 
-4278 
-4192 
-4019 
3.63 
3.64 
3.66 
3.67 
3.68 
3.70 
3.72 
3-73 
3.76 
3-77 
З.78 
3.80 
4.04 
4.05 
4-07 
4.09 
4.10 
4.12 
-3185 
-3146 
-3068 
-3057 
-3022 
-2952 
-4428 
-4348 
-4187 
-4239 
-4167 
-4023 
-5422 
-5321 
-5116 
-5204 
-5112 
-4927 
З.51 
З.52 
3-52 
З.55 
3.56 
З.56 
3.62 
3.62 
З.63 
3.66 
3.66 
З.67 
З.92 
3.92 
3 9 3 
З.96 
З.96 
З.97 
-341 
- 2 9 9 
-217 
-305 
-268 
-195 
-706 
-622 
- 4 5 4 
- 6 3 3 
-558 
-407 
- 9 1 3 
- 8 0 8 
- 5 9 6 
-825 
- 7 3 0 
- 5 3 8 
З.38 
З.38 
3-39 
3.42 
З.42 
3-43 
3 4 9 
3 4 9 
З.50 
3-53 
3-53 
3-54 
З.78 
З.78 
3-79 
3.82 
3.82 
З.83 
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- 9 7 4 
- 9 3 4 
- 8 5 4 
- 9 1 6 
- 8 8 0 
- 8 0 9 
-1529 
-1447 
-1283 
-1432 
-1358 
- 1 2 1 0 
-1874 
-1771 
-1562 
-1766 
-1672 
-1483 
3-47 
3-47 
3-49 
З.51 
3-52 
З.5З 
З.56 
3-57 
З.58 
3.60 
З.61 
З.63 
3.86 
3.86 
3.88 
3.90 
З.91 
З.92 
models given by equations (84)-(87) and a rather elaborate equation given by 
Mavroyannis32. In his calculations Crowell omitted a polarization contribution and 
used a hard core repulsion contribution, the same as given for the Sutherland poten-
tial by equation (18); he fixed the minimum of the potential curve from an arbitrarily 
chosen value for Zmin- The sequence of the values for his models are the same as 
given by us ; the model of Mavroyannis yields approximately the same values as the 
model of Margenau and Pollard. 
From t/mm the heat of adsorption E0 is calculated according to: 
Eo + -Ey, = - CAnin JVO (129) 
where £у denotes the product of the molecular zero point energy of vibration εν
ζ 
and Avogadro's number No- Assuming the adsorption potential to have a parabolic 
shape around i/min, the zero point vibrational energy of a harmonic oscillator is 
calculated from the second derivative of U(z): 
εν
 =IAVZ = -1 іЦ£Ш\ 
V z
 2 г 4π l' m\ dz2 ) ζ mm 
(130) 
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io 
Fig. 10 The adsorption potential according 
to the PSp model for krypton on the (11 i)-face 
of copper. 
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In order to be able to calculate values for £vz directly from experimental values of 
Eo we will try to find a correlation between Ev and C/mm with equation (130) and the 
corresponding values for i/min. For the Lennard-Jones (3-9) potential this depen-
dence is easily derived : 
ƒ 1 / t/min 
Zmin I m 
(131) 
where ƒ is a constant with the value 25.4 cal1/2gI/2Â mol-1. For the PSp potential 
model, consisting of a Prosen-Sachs dispersion potential, a polarization potential and 
a power repulsion potential the numerical calculation with equation (130) yields a 
1 VTOmln 
zmln m 
Fig. 11 The relation between the vibrational 
energy and the minimum of the adsorption poten-
tial according to equation (131). 
correlation of the same kind as equation (131) for the z-vibrations of argon, krypton 
and xenon adsorbed on the three densest crystal faces of copper and nickel. This is 
illustrated in fig. 11 where Ev is plotted against the right hand part of equation (131). 
Although the relation is less accurate for one gas-metal combination, all gas-metal 
combinations together are described by equation (131) with a value for ƒ of 20.9 
caP^g^Á mol -1 within a deviation of 5 %. As a consequence of the dimensions of 
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) , UminNo has to be expressed in cal/mole, M in g/mole and zmin in Â. It is more 
convenient to replace f/zmin by another constant/', the value of Zmin having an un-
known value when Eo is estimated from adsorption experiments. As may be seen 
from table 7 the values for Zmin hardly depend on the Miller indices of the crystal 
face and the kind of metal, so that we obtain three values for ƒ ' , listed in table 8, 
which may be used to calculate EVz from Umin for copper and nickel according to 
the PSp-model: 
Sv. = / Ί / - — (132) 
z
 I/ m 
Table 8. Constants for the calcu­
lation of Evz from i/min according 
to the PSp-model ; ƒ ' is expressed in 
g'/'cal'^mol-· and ƒ in cal'^g"2 
mol-'A. 
gas ƒ ' ƒ 
argon 5.73 20.9 
krypton 5.56 20.9 
xenon 5.12 20.9 
In the experimental section IV-5 a choice will be made from the eight adsorption 
potential models, presented in this section, on the basis of experimental values for 
Eo and f/poi, the latter derived from the lowering of the lateral interaction parameter. 
111-4 THE 'CHARGE TRANSFER-NO BOND COMPLEX' POTENTIAL MODEL 
The application of our model for the calculation of the heat of adsorption on 
metals viz. an adsorption potential consisting of a dispersion, a polarization and a 
repulsive potential, has been queried by some authors. They proposed instead a so 
called 'charge transfer-no bond complex' with an interaction of the donor-acceptor 
type. The basis of this theory is formed by Mulliken's36 overlap and orientation 
principle, stating that the acceptor molecules tend to orientate themselves relative 
to the donating molecule as to make the overlap between the highest occupied 
molecular orbital of the donor and the lowest empty molecular orbital of the acceptor 
a maximum. 
Mignolet37 introduced this model not only for chemisorption, but also for physical 
adsorption on metals, by extrapolating the successful results for the benzene-iodine 
complex and the interaction between metals and molecules with π-electrons. He con­
sidered the metal surface to be the electron acceptor and the adsorbed molecule the 
donor. Mignolet did not produce a quantitative solution of the interaction problem, 
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however. Neither did Gundry and Tompkins38 on comparing the 'charge transfer-no 
bond theory' with the classical potential model including polarization. 
In a more recent publication Tompkins39 rejected the 'charge transfer-no bond 
complex' theory with respect to its applicability to the adsorption of noble gases on 
metals. In his opinion the necessary conditon for overlap between orbitals with 
comparable energy levels is not fulfilled and no substantial contribution to the adsorp­
tion potential is yielded. He illustrated this for the adsorption of xenon on tungsten, 
xenon having a ground state orbital of 12.08 eV and the estimated energy level at 
the bottom of the conduction band of tungsten amounting to 10.9 eV, both values 
below the vacuum level. 
A measure of the intensity of the interaction between an atom and a metal surface 
is the surface potential, experimentally estimated as the lowering of the work function 
of the metal upon adsorption. For xenon on tungsten, nickel and copper Mignolet37 
estimated values of i.i, 0.85 and 0.66 eV respectively. If the strongest of these inter­
actions is not of the donor-acceptor type, there is no reason why xenon on nickel and 
copper should be. The adsorption of krypton and argon, which have a higher ioniza­
tion energy and which consequently act as worse electron donors, is even less likely 
to be described by a donor-acceptor model. 
We will therefore disregard the 'charge transfer-no bond complex' model and consi­
der the potential models given in table 6 only. 
III-5 SOME CRITICAL REMARKS ON THE THEORY OF THE FIELD OUTSIDE 
A METAL 
The model for the electric field above a metal surface as displayed in section 111-3 
involves the following approximations: 
1. Each atom in the bulk of the metal contains one conduction electron. 
2. Half of the conduction electrons from the atoms in the outermost crystal plane 
protrude outside the metal. 
3. The electric field at an infinitely small distance from the surface is given by the 
classical formalism for the field above an infinitely large charged plate. 
4. The interface between a metal and vacuum is flat and consequently an electric 
field depending only on ζ is derived. 
Although assumption 1 strictly only holds for alkali metals it may appear to be a 
very plausible assumption for copper and nickel as well. The modern theory of metal 
electrons, which has been developed to explain the experimental results of advanced 
techniques such as de Haas-van Alphen effect, cyclotron resonance, magneto accous-
tics, high magneto resistance and anomalous skin effect measurements, includes the 
picture of one conduction electron per atom for copper as described by Segali40. The 
model developed by Ehrenreich et al.41 for nickel, showed this metal to contain 
approximately 0.7 conduction electrons per atom as was calculated by Phillips42. It 
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may be concluded, that assumption ι gives the right value for copper and the right 
magnitude for nickel. 
An assumption such as under 3 is needed so that the resulting electric field is 
depending on the nature of the exposed crystal plane. For, as is seen from table 9, 
the work function has different experimental values for different crystal planes. 
Consequently, the atom density JV, giving the number of atoms per unit area in a 
crystal plane, has to be introduced by the second boundary condition. For the second 
boundary condition there are then two possibilities, one fixing the field at ζ -* о on 
the value for the field outside a charged plate with infinite dimensions, given by 
equation (92), and a second fixing the field at ζ -> о on the value for the field between 
a double charge layer, accounting to twice the value from equation (92). The second 
possibility is rejected because of the resulting value for the electron density at ζ -» о, 
which is more than twice (212/10) the value resulting from equation (92). From fig. 8 
it appears, that the electron density just outside the metal would be 1.5 times its 
value in the bulk of the metal, which is a physically untenable situation. Herewith, 
assumption 3 is more or less justified. 
The other assumptions are more difficult to evaluate in a quantitative way, because 
they are introduced for simplification. Therefore it is probably best to compare the 
results of the expression for the field with independent experimental data, e.g. values 
for the work function ψ, defined by: 
ψ = e V-as — e V+ » — μ (іЗЗ) 
where μ is the inner work function of the metal, consisting of the Fermi energy and 
many-electron effects. Smith5 4 calculated work functions for several metals in a very 
rigorous and successful way, taking the various contributions to equation (133) into 
account, among which the potential difference over the double charge layer Δ ^. For 
copper he calculated a value for ψ amounting to 3.3 eV and for AVd amounting to 
2.9 eV, which together with similar data for other transition metals, leads to the con­
clusion, that ψ almost equals AVd. Fig. 8 for the calculated electron density outside 
the metal illustrates, that AV^ consists almost entirely of the contribution from out­
side the metal VQ — Fœ, in our picture. Thus we may use this quantity to compare 
our model with experimental values for ψ in a qualitative way : 
ψ ~ e Vo — e Vac = e Ae (i34) 
With equation (134) values for ψ are calculated for the (111), (100) and (110) faces 
of the metals copper and nickel and listed in table 9, together with experimental 
values43· 4 4 . In table 9 calculated values for tungsten, with its body centered cubic 
lattice, are also given. On the assumption, that tungsten exhibits one conduction 
electron per atom, values for ψ have been calculated with the following values for N: 
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(iii)-plane: N=
 2 
(loo)-plane: N =—^ (135) 
(iio)-plane: N = 
while for Гщ 1.366 Â was used46. 
Table 9. Comparison of the values for the work 
function ψ, calculated with equation (134) for the 
three densest crystal faces of copper, nickel and 
tungsten, with experimental values. 
metal face Vcaic eV ψβχρ eV 
5-54 
515 
4.92 
5-35 
5.22 
5.04 
4.2 
4.6 
5-5 
Table 9 leads us to the conclusion that our simple model yields surprisingly good 
values for the work function. The right sequence is given by our theory, viz. an in­
creasing value for ψ with increasing atom density. Even for the rather uncertain 
density of conduction electrons of tungsten the correct magnitude of the work func­
tion is predicted by our theory. 
We may conclude, that despite some rather severe approximations an acceptable 
semi-quantitative equation for the electric field above a metal surface is derived. 
III-6 THE INFLUENCE OF POLARIZATION ON THE INTERACTION BETWEEN 
ADSORBED MOLECULES 
In section 111-3 the influence of polarization upon the interaction between an 
adsórbate atom and a metal surface was discussed. In addition to this influence the 
lateral interaction between adsorbed atoms may also be expected to change when 
polarization plays a role. Namely, the parallel orientated induced dipoles will repel 
copper 
copper 
copper 
nickel 
nickel 
nickel 
tungsten 
tungsten 
tungsten 
( I I I ) 
(100) 
(no) 
(πι) 
(100) 
(no) 
O n ) 
(100) 
(no) 
6.25 
5-57 
4.22 
6.52 
5.81 
4.41 
2.56 
З.97 
5.23 
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each other, causing a reduction of the lateral interaction energy. Sinanoglu and 
Pitzer4 7 and also MacLachlan48 derived equations for the interaction between ad­
sorbed atoms, containing an extra term for the perturbation of dispersion forces 
between adsorbed atoms by the surface, in addition to a polarization term. Compared 
to the experimental data of Everett49 on adsorption on graphite at high temperatures, 
the theory of MacLachlan predicts the right magnitude for the total contribution of 
these terms, amounting to approximately ю % of the total interaction energy, but an 
increase of the contribution for larger adsorbed atoms instead of the experimentally 
observed decrease. Sinanoglu and Pitzer predicted values which appeared to be twice 
as high as the observed values and also showed the wrong dependence upon the 
diameter of the atom. Because of its relatively small magnitude, viz. approximately 
io % of the total interaction energy, and the contradiction between theory and experi­
ments, we will neglect this extra influence with regard to the polarization term. 
Moreover, in view of the approximations involved in our simple adsorption models, 
it would be a superfluous refinement. 
In section in-! it is shown that noble gas adsorption by metals has a high probability 
of being mobile, therefore primarily the influence of polarization on the two-dimen­
sional van der Waals model will be given here. 
The lateral interaction constant ai is defined by equation (19). The effect of dipole 
repulsion may be introduced in the equation for az as follows: 
-u 0 0 r / J 4 6 " A W ° ^ , « 27ir dr = — (136) 
4 «o 
-"•(7)4'; 
on the assumption that the dipole moment μ does not depend upon the degree of 
coverage. Apparently, the interaction constant 02 and consequently the interaction 
parameter fcm are reduced by polarization. The deviation of the mobile interaction 
parameter A:m from its theoretical value (equation (20)) is given by: 
2πμ2 
Afe™ = — (137) 
With the aid of the dipole moment the polarization energy Upoi is easily expressed in 
M m , when μ is defined as the product of the polarizability α and an effective electric 
field FCM. The effective field Fett is then defined as an imaginary field working on an 
infinitely small atom, while its value is given by: 
C/poi = - j aF2
eff (138) 
In equation (138) [/poi stands for the polarization energy obtained by integrating 
over the atom as given by Lenel in equation (109). Thus we avoid the elaborate 
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integration over the adatom. Then the relation between t/poi and Akm reads: 
μ 2 AkndobzkT 
t/poi = = (139) 
With equation (138) experimental values for t/poi may be obtained from adsorption 
measurements, which may be compared with the theoretical values for t/poi, obtained 
from the polarization potential equation (120) at the equilibrium distance of adsorp­
tion. The theoretical values of Up0\, calculated for the equilibrium distance from 
eight adsorption potential models, given in table 7, are listed in table 10 for the adsorp­
tion of argon, krypton and xenon on the three densest crystal faces of copper and 
nickel. 
The adsorption equation (28) changes into : 
\n(p) = ln(K
mob) - | j , + ІП ( - J L J + - Í L _ fcme _ М т ( l 4 o ) 
Table 10. Values for UpoiNo in cal/mole for 8 potential models given in table 6. The 
values may be obtained from equation (120) using the values for ζ mm listed in table 7. 
gas-
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
(III) 
(100) 
(no) 
(m) 
(100) 
(no) 
(m) 
(100) 
(no) 
(m) 
(100) 
(no) 
(Π1) 
(100) 
(110) 
(m) 
(100) 
(no) 
PSe 
-814 
-696 
-474 
-729 
-623 
-425 
-1734 
-1496 
-IOIO 
-1555 
-1329 
-907 
-2404 
-2063 
-1422 
-2166 
-1859 
-1265 
U e Be MPe PSp U p Bp MPp 
-889 
-765 
-529 
-796 
-685 
-474 
1866 
-1616 
-1113 
-1672 
-1440 
-999 
-2592 
-2239 
1566 
-2ЗЗЗ 
-2016 
1414 
-1006 
-864 
-594 
-900 
-773 
-532 
-2097 
-1811 
-1249 
-1880 
-1619 
-1120 
-2895 
-2504 
-1751 
-2606 
-2254 
-1579 
-933 
-799 
-547 
-834 
-714 
-489 
-197З 
-1703 
-1163 
-1766 
-1516 
-1042 
-2744 
-2365 
-1641 
-2465 
-2124 
-1489 
-584 
-500 
-343 
-519 
-445 
-306 
-1276 
-1092 
-747 
-ИЗ? 
-973 
-667 
-1676 
-144З 
-IOOI 
-1503 
-1294 
-898 
-701 
-604 
-421 
-624 
-538 
-375 
-1495 
-1290 
-899 
-1ЗЗЗ 
-1150 
-803 
-1997 
-1730 
-1218 
-1780 
-1551 
-1093 
-872 
-749 
-516 
-777 
-668 
-460 
-1832 
-1579 
-1095 
-1635 
-1409 
-978 
-24ЗЗ 
-2109 
-1483 
-2181 
-1891 
-1ЗЗ0 
-754 
-646 
-443 
-669 
-574 
-394 
-1630 
-1398 
-960 
-1449 
-1244 
-855 
-2180 
-1880 
-1306 
-1947 
-1680 
-1168 
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The equation of state does not change if az is replaced by рАг according to equation 
(136). The expression for qsi for the two-dimensional van der Waals model corrected 
for polarization reads: 
ς * = E0 H-
 3
- RT + RT B(k" + AkV —RT-^ (0qz — 1) (141) 
2 kT 
For localized adsorption according to the Fowler-Guggenheim model a similar 
lowering of the localized interaction parameter kl will be the result of polarization. 
In this case no theoretical values for kl and t/poi are available and it is therefore of 
no use to derive an expression for the relation between A;1 and C/poi. We may write 
the adsorption equation (33) and the equation for qat (64) in the case of polarization 
as: 
\n(p) = \n(Kl0C) — | i + In (—^— ) - *»θ - AM (142) 
RT \I — Ό ! 
and: qsi = Eo + -RT+RTBik'+ Ak1)—2RT-^(oqx — i) - (143) 
2 kT 
Avz 
— RT—fa,-!) 
kT 
Ш-7 T H E INFLUENCC OF DEPOLARIZATION ON THE INTERACTION BETWEEN 
ADSORBED MOLECULES AND THE INTERACTION WITH THE SURFACE 
Neutral molecules, forming induced dipoles in a permanent electric field, will 
generate a depolarizing field in the opposite direction. This field may be expected to 
depend upon the density of dipoles, i.e. the degree of coverage Θ. This phenomenon 
was observed for the first time by Langmuir2 for ceasium adsorbed on metals; it may 
also account for the concave form of the isosteric heat plots for the adsorption of 
argon and nitrogen on single crystal faces of metals as measured by Rhodin 5 0 · 5 1 , 
causing an apparent increase in the lateral interaction between adsorbed molecules. 
A formula for the depolarizing field of a regular array of dipoles was derived by 
Topping5 2; it was developed for localized adsorption and reads: 
/ θ \ 3 / 2 
FdoP = -9n{— J (144) 
The Topping equation was successfully used by Palmberg15 to describe the variations 
of the work function of the (iio)-face of palladium on the adsorption of xenon. 
For a mobile adsorbed phase as in the case of a two-dimensional van der Waals 
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gas, another equation has to be developed. The field directed parallel to the axis of 
a dipole is expressed by : 
h = -~ 045) 
The depolarizing field generated by more dipoles is derived from : 
/ 2πθμ 
/dep = / /dn27trdr = — (146) 
dj aodo 
where the density и stands for θ/αο· When the field for θ = о is denoted by F
e
tt as 
was defined in the previous section, the field for other values of θ is expressed by: 
2πθ FM 
F(Q) = Feff + Fdep = Fett у « W = (147) 
I + 0 
aodo 
An equation of this type was also used by Schram5 3 to explain the high isosteric heat 
at low coverages of argon adsorbed on silver. 
After the substitution of equation (147) in the dipole moment of (136) we obtain: 
nu0d0 Ka
2Flf J 
üifv) = — (148) 
with ca = (2πα)/(θο</ο). 
The diviation of km from its theoretical value is dependent on the degree of coverage 
according to : 
№(<*) = M» / (149) 
(1 + cdO;2 
where Akm is the deviation for θ = о and is defined by equation (137). 
The influence of depolarization on the lateral interaction energy as described above 
will be accompanied by an influence on the interaction energy between an adsorbed 
atom and the surface. For, when the electric field depends on Θ, the potential curve 
and consequently C/min may be expected to vary with θ too. Using the same definition 
as in section ш-6 for μ and i/poi with regard to Feff, the coverage dependence of the 
polarization potential is expressed by: 
£/роіГ ; = t/pol ' (ISO) 
(1 + Cd8;2 
The complex nature of the calculation of £Ό from the minimum of the potential 
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curve will prevent us from finding an analytical relation between £Ό and Θ. To find 
this relation for each value of θ a separate numerical calculation has to be carried out. 
For krypton adsorbed on the ( m ) , (100) and (iio)-face of copper the values of 
t/poi (Θ) and Umin are given in table 11, calculated according to the procedure describ­
ed in section 111-3, but with a θ dependent i/poi. The potential model used in the cal­
culations consists of a negative power repulsion term, a Prosen-Sachs dispersion term 
and a polarization energy according to equation (150). With equation (132) and (129) 
£0 is easily calculated from these values. From table 11 the impression is gained that 
Table 11. The influence of depolarization on Umin and UVoi in the PSp potential model 
for the adsorption of krypton on the (111), (100) and (1 io)-faces of copper. The product 
of the potential quantities and N0 is given in cal/mole. 
(iii)-face (loo)-face (iio)-face 
θ 
0 
0.05 
O.IO 
0.15 
0.20 
0.25 
0.30 
0-35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 
UmlaNo 
-3051 
-ЗОЗЗ 
-3016 
-3ООО 
-2984 
-2969 
-2955 
-2942 
-2929 
-2916 
-2904 
-2893 
-2882 
-287I 
-286l 
-2852 
-2842 
-2833 
-2825 
-2816 
-2808 
l/poiNo 
-1137 
-IO98 
-IO60 
-IO25 
- 991 
- 959 
- 928 
- 900 
- 872 
- 845 
- 820 
- 796 
- 773 
- 750 
- 729 
- 709 
- 689 
- 671 
- 653 
- 635 
- 619 
UmiaNo 
-2984 
-2968 
-295З 
-2938 
-2925 
-2912 
-2899 
-2887 
-2876 
-2865 
-2855 
-2845 
-2835 
-2826 
-2817 
-2808 
-2800 
-2792 
-2785 
-2777 
-277Ο 
t/polN. 
-973 
-940 
-908 
-878 
-849 
-822 
-796 
-771 
-748 
-725 
-704 
-683 
-663 
-644 
-626 
-609 
-592 
-576 
-561 
-547 
-532 
UminNo 
-2849 
-2838 
-2827 
-2817 
-2807 
-2797 
-2788 
-2780 
-277I 
-2763 
-2756 
-2749 
-2742 
-27З5 
-2728 
-2722 
-2716 
-2711 
-2705 
-2700 
-2695 
C/polM, 
-667 
-644 
-623 
-603 
-583 
-565 
-548 
-531 
-515 
-500 
-485 
-471 
-458 
-445 
-433 
-421 
-410 
-399 
-389 
-379 
-369 
the deviation of U
m
in and £0 from the value at zero coverage may be approximated 
fairly accurate by half the deviation of C/poi from its value at zero coverage. Thus 
£0 (Θ) may be expressed by the equation : 
Ε0(θ) = £o — -[C/poi (Θ) — C/poi] (ISO 
2 
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and after the substitution of equations (139) and (150) by: 
Εο(θ) = Eo • 
bjdokT 
8πα 
Mm 
/1 + с
й
 ; 2 
(152) 
By introducing the θ-dependence of Eo and Ä:m in equations (140) and (141) an 
adsorption equation and an equation for gBi are easily obtained for this rigorous 
influence of depolarization. However, the model for the adsorbed phase now becomes 
very complicated and the derivation of a simple equation of state directly comparable 
to the van der Waals equation is impossible. From equation (141) it follows that the 
influence of depolarization upon qai becomes very small as a result of an increase in 
the lateral interaction energy term and a decrease in the heat of adsorption £0, such 
that the isosteric heat results of Rhodin50 ·51 are not explained by depolarization. It 
is possible that the repulsive potential also depends on depolarization and more or 
less cancels out the influence on Uvoi. 
We therefore propose a simplified influence of depolarization on the lateral inter-
action energy only and assume the value of £Ό to be independent of θ by a balancing 
effect of the several contributions to the adsorption potential. For this simplified 
depolarization model the adsorption equation and the equation for qBt read: 
Inf/*,) = InCtfmob,) - | p + ІП / - i _ ) + — L . _ [*т + №(Β)] ( ^ ) 
and: ?Bt = Eo + - RT + RT<d[km 
kT ι) (154) 
For localized adsorption we may derive the following equation for the electric field 
with the help of the Topping equation (144): 
W) = Fei! 
'43 3/2 (ISS) 
In this model the attraction between two neighbouring atoms is given by 2co/z, where 
ζ stands for the coordination number. In the case of polarization and depolarization 
the attraction is deminished by μ2/^» r n denoting the distance between two nearest 
neighbours. For ζ nearest neighbours the dependence of к1 on θ reads: 
kHQ) 2(ù zasF: 
2p2 
eff 
kT kTrl ι γι* 
= it1 + M» 
z + iwljr / у/
2 
во/ 
(156) 
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As for mobile adsorption the heat of adsorption E0 is assumed to be independent of 
Θ; the adsorption equation and the equation for the isosteric heat follow directly 
from equations (142) and (143) after substitution of equation (156). 
SUMMARY 
In section 111-2 the mobile character of adsorption of noble gases on copper and 
nickel above 80° К is discussed and found to have a large probability. 
In section 111-3 e 'ght potential models are introduced for mobile adsorption, by 
combining four equations for the dispersion potential, one equation for the polariza­
tion potential and two for the repulsion potential. Four equations for the dispersion 
potential, which do not relate the potential to the properties of different crystal faces, 
are taken from the literature. A polarization potential model is developed which 
depends on the properties of the exposed crystal face and the numerical results are 
given for the adsorption of argon, krypton and xenon on copper and nickel. One of 
the repulsion equations is taken directly from the literature, the other is adapted first 
to be used for the adsorption of argon, krypton and xenon on copper and nickel. For 
eight potential models the minima are calculated for three noble gases on copper and 
nickel. The procedure for the calculation of the vibrational frequency for the ζ vibra­
tion and the heat of adsorption from the minimum of the adsorption potential is 
outlined and a numerical example is given for one of the models. 
In section 111-4 the donor-acceptor treatment of the interaction between a physically 
adsorbed atom and the metal is discussed and found to be less usefull for numerical 
calculations than the other models. 
In section 111-5 the model for the polarization potential is discussed. Some of the 
approximations, made in the derivation of the equation, are found to be at least 
qualitatively correct. The results of the model are compared with experimental values 
for the work function of different crystal faces of copper and nickel and appears to 
yield surprisingly consistent values. 
The influence of polarization on the lateral interaction between adsorbed atoms is 
dealt with for mobile and localized adsorption in section 111-6. An equation is derived 
to relate the polarization potential to the lowering of the lateral interaction parameter, 
in order to compare values obtained from adsorption isotherms with theoretical 
values. 
In section HI-7 the influence of depolarization is discussed. The influence of depo­
larization on the heat of adsorption is calculated for one of the potential models and 
rejected for practical reasons. A simplified model is proposed in which depolarization 
is restricted to lateral interactions. 
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CHAPTER IV 
EXPERIMENTAL AND DISCUSSION 
IV-I INTRODUCTION 
In the first chapter we referred shortly to the necessity of a homogeneous surface 
for the study of adsorption phenomena by means of the measurement of adsorption 
isotherms. In section 11-6 the extra complications introduced by heterogeneity were 
outlined in a more quantitative way and we came to the conclusion that adsorption 
on a heterogeneous surface can be interpreted in the right way only, if the adsorption 
model is chosen independently on a homogeneous surface. 
For the study of physical adsorption on metals with probably the extra complica-
tion of polarization and depolarization as discussed in the sections 111-6 and 111-7 there 
is even greater need for homogeneous surfaces to aid in model selection. 
The first convincing experimental indication that metal surfaces of remarkable 
homogeneity can be obtained was provided by Genot and Duval1. They found 
distinct steps in the adsorption isotherms in the second monolayer for adsorption of 
krypton and tetrafluoromethane on chromium, manganese, iron, cobalt, nickel, 
silver, cadmium, gold and uranium powders. They used several methods for the 
preparation of the surfaces, among which reduction of oxides, decomposition of 
carbonyles, sublimation in vacuum and electrolysis were the most important. 
Other examples of apparently homogeneous metal surfaces were given by Thurston 
for krypton on copper2, by Bonnetain et al. for krypton on nickel3· 4 and by Larher 
for krypton on zinc powders5. More or less homogeneous surfaces of metal films were 
shown by Baker for xenon adsorption on nickel6-7, by Duval et al. for krypton on 
mercury and iron8, by Young et al. for krypton on magnesium' and by Pierrotti 
et al.10 for krypton on tungsten, copper and iron films. A very interesting study of 
adsorption on metals was carried out by Rhodin11· 12> 13, who reported isosteric 
heats of adsorption for nitrogen and argon on several crystal faces of copper and zinc. 
No studies can be found in the literature, however, that include the measurement 
of adsorption isotherms from the low pressure region of i o - 4 Torr up to the saturation 
pressure po, at a range of temperatures so that isosteric heats of adsorption can be 
obtained. In our investigation we therefore set out to do so. We chose for the surface 
of powders instead of films, because even after a heat treatment to improve homo-
geneity, powders may be expected to retain a higher surface area in a small geometric 
volume than films, so that it will be spoiled to a lesser degree by a given leak rate 
than the surface of films. 
The reduction of pure oxides with ultrapure hydrogen was accepted as a rather 
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easy way of preparing the surfaces. The metals copper and nickel were selected to be 
studied, in view of the extensive use of these metals as catalysts and the availability 
of very pure copper and nickel oxides. As gases to be adsorbed argon, krypton and 
xenon were selected because of their monatomic character, thus avoiding intramole-
cular vibrations and rotations and quadrupole effects. 
IV-2 DESCRIPTION OF THE APPARATUS 
The preparation of the sample and the adsorption of argon, krypton and xenon 
were carried out in the same apparatus, a picture of which is given in fig. 12. The 
apparatus is divided into four parts, each with a different function. 
Mc Leod 
gage 
Fig. 12 Schematic drawing of the apparatus. 
On the left is shown the purification train for hydrogen, consisting of a heatable 
BTS *-catalyst column, a partly cooled column with molecular sieve and a flow meter. 
The middle section is the adsorption system proper, consisting of a sample vessel, 
a McLeod gauge, a Töppler pump and a calibration sphere. 
On the right the handling system for the adsórbales argon, krypton and xenon is 
represented. 
A pumping system consisting of a rough vacuum rotary pump, an oil diffusion 
pump and a liquid nitrogen trap, yielding a vacuum better than ю - 6 Torr, is connected 
to all parts of the system over a vacuum manifold. 
* BTS-catalyst : high area activated copper on carrier catalyst ex BASF. 
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For preparation of the samples spectroscopically pure copper or nickel oxide ex 
Johnson Matthey, with less than ю ppm impurities was used. The oxides were 
reduced at зоо0С in the sample vessel in a 25 1/hr flow of hydrogen. The latter was 
freed from traces of oxygen over the BTS-catalyst at ioo0C and from water over 
Union Carbide molecular sieve 3A, part of which was cooled to I950K. Water vapour 
formed in the reduction was swept out of the apparatus with the hydrogen gas. After 
reduction the metal sample was degassed at зоо0С until a residual gas pressure of 
ю
- 6
 Torr was read on the Penning gauge. A cold trap at i950K prevented mercury 
from the McLeod gauge from polluting the metal surface of the sample. 
Cryostat« block 
Fig. 13 The cryostate unit. 
During measurements, the chosen adsorption temperature was kept constant with 
the help of a nitrogen-cooled cryostate of the kind as was used by Thorny14. Its opera­
tion is illustrated in fig. 13. In the centre of this figure the cryostate block, an alumi­
num block with a double cooling spiral and isolated by a glass dewar, is sketched. 
Into two cylindrical holes the sample vessel, a vapour pressure thermometer for the 
exact measurement of the adsorption temperature and a vapour pressure thermometer 
for the regulation of the temperature are inserted. The vapour pressure thermometer 
for the measurement is connected to a mercury manometer. The other vapour pressure 
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thermometer is connected to a differential mercury manometer, the reference pressure 
of which can be adjusted to any value up to one atmosphere. Its mercury level con­
trols a magnetic valve in the inlet of the cooling spiral for liquid nitrogen by means 
of an electronic relay. The liquid nitrogen supply vessel is kept at a constant pressure 
somewhat higher than one atmosphere with an electric heating device and a mercury 
filled adjustable bubble vessel. To improve the heat transfer between the aluminum 
block and the sample vessel the cylindrical cavity in the block is filled with a low 
boiling petrol fraction. With this cryostate unit the temperature is kept constant 
within 0.ioK. For the temperature regulation and measurement the same gas is used: 
between 80 and i i o 0 K methane and from n o up to I400K tetrafluoromethane. 
Using the pressure data of Larher1 5 and Beaumont et al . 1 6 for solid krypton as a 
standard, by simultaneous pressure measurement we obtained vapour pressure data 
for liquid and solid methane, solid xenon and liquid tetrafluoromethane as reported 
elsewhere17. With the exception of tetrafluoromethane the experimental vapour pres­
sure data are approximated best by an equation of the type : 
logfp) =--?— +Ь (157) 
T+ с 
where ρ is expressed in Torr and Τ in 0 K. In table 12 the constants a, b and с are 
reproduced. The vapour pressure data of liquid tetrafluoromethane are better described 
by the equation : 
824.892 
\og(p) = \- 9.84469 — 0.0101668 Τ + 0.090903 log(T) (158) 
in the temperature range from 90 to I45°K. An equation of the same type has been 
reported before by Menzel and Могу1 8 for tetrafluoromethane. 
Table 12. Vapour pressure constants according to equation (157). 
phase temperature 
gas system range "K a b с 
Кг S/G 72 -I15-78 536.984 7.53052 -3-7I309 
Xe S/G 90 - 145 727-296 7·45ΐ64 -5.89878 
CH4 S/G 80 - 90.67 534-610 7.70890 2.06252 
CH4 L/G 90.67-110 387.080 6.60511 -7.62821 
The gases krypton and xenon for the adsorption measurements were taken directly 
in a very pure form from glass containers supplied by Philips; 99.9 % argon from Air 
Liquide and also methane and tetrafluoromethane from Union Carbide were purified 
first by distillation from the purification spiral. The gases for the adsorption measure­
ments were dosed in small quantities into the adsorption section with the Töppler 
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pump. Before the stopcock to the sample vessel was opened and again after the 
adsorption equilibrium was reached, the pressure was measured with the McLeod 
gauge, which allowed estimation of pressures between ю - 4 and 5 Torr, with an ac­
curacy of better than 1 % above i o - 3 Torr. 
The volume of the adsorption part of the apparatus with and without the sample 
vessel was calibrated by a series of pressure measurements with the McLeod gauge 
before and after connecting it to the exactly known volume of the calibration sphere. 
The calibration was repeated at several temperatures of the empty sample vessel 
between 80 and I40°K, while the temperature of the other parts of the apparatus 
was kept at 20еС with an accuracy of 0.1°. 
Adsorption isotherms were calculated with the calibrated volumes of the apparatus 
and the pressures, measured before opening the stopcock to the sample vessel and 
after the equilibrium was reached. The equilibrium pressures were corrected for 
thermal transpiration according to the method of Chu Liang1 9. This method involves 
the use of empirical constants for the gases argon, krypton and xenon in order to 
correlate the real pressure in the sample vessel at a low temperature to the measured 
pressure at 200 C, taking into account the temperature difference and the diameter of 
the connecting tube. 
The above described apparatus enabled us to measure adsorption isotherms between 
i o - 4 and 5 Torr, in the temperature range from 80 to 140° K. 
І -3 ISOTHERMS ON HOMOGENEOUS SURFACES OF COPPER AND NICKEL 
After some preliminary adsorption measurements on less homogeneous metal 
surfaces, part of which will be discussed in section iv-9, the work of Thurston2 
concerning the adsorption of krypton on copper powders, brought us to the convic­
tion, that the most homogeneous metal surfaces can be prepared by the reduction of 
spectroscopically pure oxides as supplied for instance by Johnson Matthey. 
Before starting with the analysis of adsorption isotherms we have to introduce 
some characteristic features in order to make it easier to understand the following 
rather concise treatment. 
We will first consider an example of an isotherm on an almost perfectly homo­
geneous surface, which is given in fig. 30 for the subcriticai adsorption of krypton on 
graphitized carbon black in a Fa vs. ρ plot. As a consequence of this way of plotting, 
the region of adsorption in the first monolayer almost coincides with the FÜ-axis. The 
transition from adsorption in the first to the second layer is visible as a real plateau. 
The following sharp rise indicates adsorption in the second and, after another plateau, 
in the third monolayer. After the third monolayer is filled, a point of inflexion accom-
panies the onset of adsorption in the fourth layer. 
A more complex example is given as a Ka vs. ρ plot in fig. 14 for the adsorption of 
krypton on copper samples. Again this plot yields no information on adsorption in 
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the first monolayer. The region of the second monolayer is bounded by two plateaus 
and is divided into three regions by vague transitions similar to the one between the 
third and fourth layer in fig. 30 ; the transitions are characterized by a point of inflexion 
in a section of the curve with a smaller slope than the surrounding parts. Apparently, 
there is a small but definite difference in heat of adsorption between the three so-called 
sub-steps, which we will ascribe to adsorption on different crystal faces on the surface 
of the sample. 
In Fa vs. \n(p) plots (p expressed in Torr), which we will use from now on because 
they bring out detail in the low pressure region and because the logarithm of the 
0 4 
0 2 
P mm Hg 
Fig. 14 Adsorption isotherms for krypton on cop­
per at 78° К ; the samples are prepared by reduction at 
200, 250, 300 and 3500C, the lowest reduction tem­
peratures yielding the highest adsorbed volumes. 
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& 0-05 -
In (Ρ) 
Fig. 15 Adsorption isotherms for argon on a copper sample, 
prepared by reduction at 300o С for 3 hours, measured at 77.7o К 
(upper curve) and on a sample, prepared by reduction at 300o С 
for 16 hours, at 77.65° К (lower curve). 
a. 
1-
0-5 
0 4 
0 3 
0-2 
0-1 
- 2 
In (P) 
Fig. 16 Adsorption isotherms of xenon on copper, prepared by reduction at зоо0С for 3 hours, 
measured at 109.35, 45-3· and II9.480K, from left to right. 
pressure is directly needed for further computation, similar features as in
 л
 vs.p-
plots indicate transitions between subsequent adsorbed layers and adsorption on 
different crystal faces. The higher pressure region is more compressed, so that the 
transitions between adsorption on different faces and in subsequent layers is less 
visible than in Va. vs. ρ plots. 
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The influence of the reduction temperature on the adsorption isotherm of krypton 
on copper powder at 78° К is demonstrated in fig. 14. The copper samples are prepared 
by standard reduction of 2-4 grams spectroscopically pure cupric oxide at tempera­
tures of 200, 250, 300 and 350° С The features of the isotherms indicate the presence 
of three exposed crystal planes. We may thus conclude that the surfaces of the samples 
are excellent examples of patch-heterogeneity as defined in section 11-6 : the surfaces 
consist of three in itself homogeneous patches with different heats of adsorption. The 
conclusion concerning the influence of the reduction temperature is that these features 
are not influenced by the reduction temperature, in other words, the nature of the 
surface is reproducible. Only the monolayer volume per gram copper decreases con­
siderably with increasing temperature of reduction, while the ratio between the volu­
mes corresponding to the first and second plateau is virtually temperature independent. 
We fixed the reduction temperature at 300o С, a temperature at which a surface 
area of about 1 m2/g is still available after a period of sintering needed to obtain a 
good approach to homogeneity. This temperature is also high enough to guarantee 
0 4 -
0 3 -
ο ι 
— In (P) 
Fig. 17 Adsorption isotherms of xenon on copper, prepared by reduction at зоо'С for 16 hours, 
measured at 112.25, 119.07 and I24.990K, from left to right. 
a quick desorption of hydrogen gas from the surface after the reduction is completed. 
Unless otherwise stated a standard reduction procedure is followed including a 16 
hour reduction in a 25 l/hr hydrogen stream. 
The influence of the time of reduction is illustrated in fig. 15, and follows also from 
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Fig. i8 Adsorption isotherms of krypton on copper, prepared by reduction at 300° С for 16 
hours, measured at 81.89, 87.38 and 94.35o K, from left to right. 
0 0 8 -
a. 
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Fig. 19 Adsorption isotherm of argon on nickel, prepared by 
reduction at зоо0С for 16 hours, measured at 77.6o K. 
the comparison of figs. 16 and 17. In fig. 15 two partial isotherms are reproduced for 
the adsorption of argon at 77.7o К, one on copper powder reduced for 3 hours at 
standard conditions and one on copper powder reduced for 16 hours. The adsorption 
capacity in the first monolayer is apparently reduced by a longer time of reduction, 
but also a small jump in the adsorbed volume of the upper isotherm at ln(p) = о 
disappears after 16 hours reduction. A similar effect of the reduction time on copper 
samples is also observed in krypton and xenon adsorption ; for xenon this is illustrated 
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0 3 
Fig. 20 Adsorption isotherms of krypton on nickel, prepared by reduction at 30o0Cfor 16 hours, 
measured at 77.67, 82.23, 87-22 and 94.28o К, from left to right. 
in figs. 16 and 17. In fig. 16 irregular increases of the adsorbed volume are situated 
at \n(p) values of -3.5, -2.5 and -1.5 in the three isotherms, starting at the lowest 
adsorption temperature, respectively. This phenomenon is not observed in fig. 17, 
with the longer reduction time. 
This abnormal increase of the adsorbed volume we ascribe to adsorption on high 
index faces, since those faces may be expected to disappear during a longer period of 
high temperature treatment as a consequence of their higher surface energy. We may 
conclude then that high index faces generate smaller heats of adsorption than the 
more densely packed low index faces, as the adsorption starts at higher pressures in 
the first monolayer region. This is in accordance with values for £Ό calculated from 
the theoretical potential model in section 111-3. 
Thus the problem of allocating crystal face indexes to sub-steps in the first mono­
layer region is solved. In accordance with the potential models the sub-steps at the 
lowest pressures, having the highest heats of adsorption, are indentified with the den­
sest faces in the sequence ( in), (100) and (no) when going to higher equilibrium 
pressures. Now the question wether the (iio)-face satisfies the requirements for a 
plane surface, as accepted in the potential model, is also answered. Even a crystal 
face with larger trenches apparently displays a lower heat of adsorption according to 
figs. 15, 16 and 17. This is the more convincing since it is also observed for adsorption 
of argon, which has the least favourable molecular area/site area ratio as may be 
concluded from table 2. 
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Table 13. Adsorption isotherms measured on homogeneous copper and nickel powders. 
adsórbate adsorption temperatures °K given in 
94-77 
on copper powder reduced at 300° С for 3 hours 
argon 77-70 
krypton 77.78 82.72 86.71 
xenon 109.35 115.31 119.48 
on copper powder reduced at 300° С for 16 hours, sample I 
argon 77-65 
krypton 81.89 87.38 94.35 
xenon 120.41 
on copper powder reduced at 300o С for 16 hours, sample II 
xenon 112.25 119.07 124.99 
on nickel powder reduced at 300o С for 16 hours, sample I 
argon 77.60 
krypton 77.67 82.23 87.22 
xenon 120.41 124.93 
94.28 
on nickel powder reduced at 300o С for 16 hours, sample II 
xenon 113.66 128.02 141.00 
on copper powders reduced at 200, 250, 300 and 350° С for 16 hours 
krypton 77.8 ± 0.2 
0 2 
fig. 15 
fig. 16 
fig. 15 
fig. 18 
fig- 17 
fig. 19 
fig. 20 
fig. 21 
fig. 14 
In (P) 
Fig. 21 Adsorption isotherms of xenon on nickel, prepared by reduction at 300o С for 16 hours, 
measured at 113.66, 128.02 and i4i.oo°K, from left to right. 
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The occurrence of three crystal faces on copper is demonstrated in figs. 17 and 18 
for the adsorption of krypton and xenon ; for nickel the same is shown in figs. 20 and 
21 for adsorption of krypton and xenon. Some isotherms exhibit an appreciable over­
lap between adsorption on different crystal faces, so that hardly any substeps are 
visible; an example of this is the isotherm in fig. 19 for adsorption of argon on nickel. 
In table 13 the measured isotherms on homogeneous copper and nickel samples 
are listed, together with the temperatures and times of reduction of the samples, and 
the temperatures of adsorption. 
IV-4 DERIVATION OF Eo, km, к1 AND 0st-VALUES FROM THE ISOTHERMS 
The region of the first monolayer in the isotherms discussed in the previous section, 
provides us with enough data to compare the polarization and depolarization modi­
fications of the two-dimensional van der Waals model and the Fowler-Guggenheim 
model corrected for polarization. 
The most accurate way of estimating the values for £0 and к for three crystal faces 
from an adsorption isotherm would be fitting the isotherm according to the method 
of least squares to a set of equations, corresponding with the adsorption model to be 
examined. For the uncorrected van der Waals model the equations for the region of 
adsorption in the first monolayer read: 
to(p) = i n r w - ^ + m (j^-) + j ^ - *T Θ, 
ln(p) = Inftfmob; - ^ + In l-^A + — \ - - к™ θ2 Kl \I — 02/ I— 02 
E / θ \ θ ^ 1 5 9 ^ 
\
л
(р) = \п(К
то
ъ)—£. \ Ín У + Г " * з і 
Kl \I— tìj' / — Ьз 
_ Ka _ іКдц + 92F
m 2 + зК т з 
ш
~
 т 
where F
a
 denotes the adsorbed volume, V
m
 the monolayer capacity of the total 
surface and the numbers 1, 2, 3 added to the parameters indicate the three different 
crystal faces. 
Similar sets of equations are easily obtained for the polarization and depolarization 
correction of the van der Waals model with the help of equations (140) and (153), 
and for the Fowler-Guggenheim model with polarization with equation (142). 
The solution of the problem of curve-fitting the region of the first monolayer of an 
adsorption isotherm to the set of equation (159) requires the calculation of the best 
solutions for 9 adjustable parameters, viz. three values for £Ό, three for km and three 
for V
m
. It will be obvious, that even for an isotherm with some 50 experimental 
points in the first monolayer the solution arrived at may hardly be expected to be 
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unique ; it will be found that depending upon the starting values for the 9 para­
meters, the electronic computer arrives at slightly different solutions. It is therefore 
more convenient to derive starting values for the parameters £Ό and km from the 
isotherms by a graphical method. For a homogeneous patch the lateral interaction 
parameter is derived for the mobile models from the slope of the isotherm at a frac­
tional coverage of the patch of 1/3. From equation (140) the relationship is easily 
derived for the polarization correction of the van der Waals model : 
dln(p) 
dQi 
І = 1/3 
= Kml 
din(p) 
dVn і = ІІЗ 
= 6.75 — ¿Τ — Δ&? (ібо) 
A similar equation is derived from equation (153) for the depolarized van der Waals 
model: 
' m l 
d\n(p)] 
dVv 
= 6.75- •Ak" 
¡ — c& (161) 
In the localized model corrected for polarization, the lateral interaction parameter is 
related to the slope of the isotherm at a fractional coverage of 1/2, as is easily derived 
from equation (142): 
\d Щр)Л 
'mi dVi ai і = 1\2 
= 4.00 — fc{ — AA;¡ (162) 
Table 14. Values for the lateral interaction constant for three adsorption models, 
estimated by curve-fitting and from equations (ібоМібг), in "K. 
gas-
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
( m ) 
(100) 
(no) 
("О 
(100) 
(no) 
О") 
(100) 
(no) 
( i n ) 
(100) 
(no) 
( m ) 
(100) 
(no) 
( i n ) 
(100) 
(no) 
mob. pol. 
T(k^ + t\km) 
252 
420 
465 
346 
498 
466 
306 
439 
565 
416 
518 
589 
313 
619 
831 
527 
655 
675 
mob. depol. 
T(km + l\km) 
151 
385 
448 
281 
494 
449 
102 
304 
493 
269 
422 
529 
-132 
379 
733 
225 
439 
472 
loc. pol. 
т(к> + Δ * 1 ; 
39 
207 
252 
132 
284 
252 
47 
ι8ο 
305 
157 
258 
330 
-31 
275 
487 
195 
323 
342 
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For all three models £Όι is obtained by substituting the values for the lateral inter­
action parameters together with the value of Щр) for і = і/з or 1/2 and the value 
of 1/3 or 1/2 for 0L in the equations (140), (153) and (142) for θι. 
The curve-fitting procedure outlined above will be used in section iv-6 for the esti­
mation of surface areas for argon, krypton and xenon adsorption on copper and 
nickel. It is however too elaborate to be used for the estimation of Eoi and ^-values 
from all the isotherms listed in table 13. Therefore we took the values for ΔΑ:™ from 
the curve-fitting results in section iv-6 and used the constant product T(k™ + Ak™) 
to calculate the product T(k™ + ΔΑ:™) for the depolarized model with equations (160) 
and (161) and the product T(k\ + Ák\) for the polarized localized model with equa-
tions (160) and (162). The obtained values for these constants are listed in table 14. 
Then for all the isotherms listed in table 13 An-values were calculated for the adsorp-
tion temperatures and for three models from the constants in table 14. £Oi-values 
were calculated from equations (140), (153) and (142) for the three models and the 
isotherms listed in table 13 by substituting the values obtained for ki, θι = і/з or 1/2 
and values for \n(p) estimated from the isotherms at і = і/з or 1/2. Values for ki 
were not estimated from the slope of adsorption isotherms according to equations 
(i6o)-(i62) because the slope of the isotherm is more sensitive to the overlap between 
adsorption on subsequent crystal faces than In(^) at θι = і/з. 
The molecular quantities needed for calculating Eoi from the adsorption equations 
and fci-values from equations (і6о)-(!б2) are given in table 15. 
Table 15. Molecular quantities of argon, krypton 
and xenon, calculated from their critical three-
dimensional temperature and pressure. 
gas dok αοΑ2 (¿n-TVK. 
argon 2.945 13.62 508.7 
krypton 3.156 15.64 7o6-7 
xenon 3.433 18.52 977-9 
The values for £Ό obtained from the adsorption isotherms of table 13 in the above 
described way are listed in table 16. It has to be noted that the values for Eo are 
calculated with the assumption of unexcited χ and ζ vibrations. 
From adsorption isotherms at different temperatures isosteric heat values are 
obtained according to equation (38). When the isosteric heat curve is determined from 
two adsorption isotherms at temperatures Τι and T2, with a small temperature 
difference, equation (38) is approximated very well by: 
In figs. 23-26 experimental isosteric heat curves, obtained with equation (163) are 
reproduced for the adsorption of krypton and xenon on copper and nickel. For the 
Ті — Тг 
(ібз) 
8o 
adsorption of argon no isosteric heat curves were obtained, because in our apparatus 
only at the temperature of liquid nitrogen the complete monolayer region could be 
measured for this adsórbate. Since the surface area of the samples was no larger than 
4 m2, measurement of isotherms at higher pressures in another apparatus was also 
impossible, because the correction for the gas volume in the apparatus introduced too 
large errors. 
Table 16. Experimental £o-values according to the mobile polarized, the mobile depola· 
larized and the localized polarized model for o<?z = ι and o<?x = i, in cal/mole. 
mob mob loc mob mob loc mob mob loc mob mob loc 
face pol dep pol pol dep pol pol dep pol pol dep pol 
Argon on nickel, adsorbed at: 
77.6o0K 
( i n ) 2185 2217 3104 
(100) 1920 Ι93Ι 2783 
(по) 1736 І74І 2581 
Argon on copper, adsorbed at : 
("О 
(100) 
(110) 
Krypton 
( m ) 
(100) 
(no) 
Krypton 
( m ) 
(100) 
(no) 
( m ) 
(100) 
(110) 
77.650K 
2264 2285 3152 
2038 2039 2876 
2022 2027 2870 
77.70oK 
2273 2294 3162 
2064 2065 2903 
2031 2036 2880 
on nickel, adsorbed at: 
77.67°K 
3137 3200 4219 
2945 2986 3984 
2772 2794 3770 
82.230K 
3226 3289 4372 
2994 З035 4096 
2808 2830 3869 
on copper, adsorbed at: 
8i.890K 
3247 3292 4352 
2982 3012 4055 
2891 2910 3939 
82.72°K 
3239 3284 4356 
2991 3021 4075 
2914 293З 3974 
Xenon on nickel, adsorbed at: 
( m ) 
(100) 
(no) 
120.410K 
5282 5415 7211 
4613 4685 6441 
4231 4260 5989 
Xenon on copper, adsorbed al 
( m ) 
(100) 
(no) 
( m ) 
(100) 
(no) 
II2.250K 
4578 4668 6294 
4154 4219 5828 
4094 4>55 5761 
ii5.3i0K 
4529 4619 6294 
4137 4202 5859 
4085 4146 5801 
87.380K 
З234 З279 4417 
2967 2997 4 П 7 
2880 2899 400s 
86.710K 
3236 3281 4409 
2969 2999 4109 
2896 2915 4012 
I24.930K 
5204 5337 7206 
4597 4669 6497 
4342 4371 6172 
t: 
ιΐ9.07οΚ 
4531 4621 6356 
4139 4204 5921 
4071 4132 5847 
II9.48°K 
4535 4625 6367 
4142 4207 59ЗІ 
4083 4144 5866 
87.220K 
3270 3336 4487 
2985 3026 4157 
2810 2832 3942 
94.35°K 
3230 3275 4512 
2951 2996 4200 
2849 2868 4074 
94.770K. 
3228 3273 4516 
2953 2983 4208 
2882 2901 4112 
II3.660K 
5206 5339 7027 
4551 4623 6271 
4264 4293 5914 
I24.990K 
4534 4624 6454 
4153 4218 6031 
4086 4147 5956 
94.28°K 
З295 ЗЗ58 4612 
2978 3019 4251 
2810 2832 4043 
77.78°K 
3231 3276 4279 
2975 З005 3990 
2896 2915 3886 
I28.02oK 
5177 5300 7228 
4521 4593 6471 
4297 4326 6177 
I09.35°K 
4540 4630 6210 
4136 4201 5763 
4088 4149 5709 
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IV-5 COMPARISON OF THE MODELS 
In chapter ш three possible adsorption models were introduced, viz. the mobile 
models corrected for polarization and depolarization and the localized model correc­
ted for polarization. In table 6 eight equations for the adsorption potential were 
given; in the same chapter the possibility of calculating vibrational frequencies from 
these potential models in order to obtain more realistic adsorption models was referred to. 
With the following tools we have to make a choice from the offered possibilities: 
i. Eo en к values derived from all isotherms according to three adsorption models 
as listed in tables 16 and 14 respectively. 
2. Theoretical values for Umm and [/poi according to 8 mobile potential models, 
listed in tables 7 and 10. 
3. Experimental isosteric heat curves derived from isotherms at different tempera­
tures given in figs. 23-26. 
The scheme for the comparison of models will be as follows: 
a. Model selection assuming unexcited vibrations: the model for which E0 is least 
dependent on the temperature is preferred (table 17). 
b. Choice of adsorption potential model : the model for which theoretical -N0 Umm-
values agree best with experimental £Ό values is chosen, for the moment dis­
regarding vibrational zero point energy (tables 7 and 18). 
с A choice is made between the mobile adsorption models by comparing the values 
for C/poi, calculated from deviations of km, with data from the potential model 
(tables 19 and 10). 
d. Indications for the choice between mobile models are also sought in the compari­
son of induced dipole moments, calculated from deviations of km, with values 
obtained from surface potential measurements (table 20). 
e. The effect of vibrational frequencies, calculated from the chosen adsorption poten­
tial model, upon the temperature dependence of E0 values, obtained from adsorp­
tion isotherms, is estimated for the mobile models (table 21). 
f. Selection of an adsorption model by comparing experimental isosteric heat curves 
with curves, calculated from experimental Eo, к and qz values. The discussion in 
section 11-5 proved this last procedure of checking the internal consistency of ad­
sorption models to be equivalent to comparing experimental entropies of adsorp­
tion with theoretical values (figs. 22-26). 
a. The model that describes the experiments best, must yield a constant value for 
the Eo values derived from the isotherms at different temperatures. The values for E0 
are derived from the isotherms assuming unexcited χ and ζ vibrations, because the 
adsorption model, needed for the calculation of vibrational frequencies, is not yet 
chosen, and because a potential model for the calculation of χ vibrations for the 
localized case is not available. In table 17 the mean values for £Ό are listed together 
with the maximum deviations from the mean values. For the polarized and depolarized 
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mobile models the mean of these maximum deviations amounts to 0.7 % and for the 
polarized localized model to 1.9 %. The assumption of unexcited vibrations leads to 
a preference for the mobile models. 
Table 17. Mean values of the experimental heats of adsorption in table 16, given in 
cal/mole, with their maximum deviations in %. 
gas- mob. pol. mob. dep. loc. pol. 
metal face Eo dE
miK £Ό <У£тах £o dEm&n 
argon 
on 
nickel 
argon ( 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on ( 
copper ( 
m ) 
100) 
no) 
in) 
100) 
no) 
m ) 
100) 
no) 
[in) 
[IOO) 
[no) 
in) 
100) 
Л io) 
m ) 
100) 
no) 
2185 
1920 
1736 
2268 
2051 
2027 
3232 
2975 
2800 
3235 
2970 
2887 
5217 
4570 
4283 
4541 
4143 
4084 
0 
0 
0 
0.2 
O.7 
0.2 
2.9 
I.O 
1.0 
0.4 
0.7 
1.3 
1.2 
1.0 
1-4 
0.7 
0.2 
О.З 
22II 
І9ЗІ 
1741 
2289 
2052 
2О3І 
3296 
ЗОІ7 
2822 
3280 
2999 
2905 
5З5І 
4637 
4ЗІЗ 
4632 
4208 
4145 
0 
0 
0 
0.2 
0.6 
О.З 
3-0 
1.0 
1.0 
0.3 
0.7 
1-3 
1.2 
1.0 
ΐ·4 
0.8 
0.2 
0.3 
3104 
2783 
2584 
3157 
2890 
2875 
4422 
4122 
3906 
4406 
4108 
4000 
7168 
6420 
6063 
6329 
5889 
5823 
0 
0 
0 
0.2 
0.4 
0.2 
4.6 
3.8 
3-5 
2.9 
2.9 
2.8 
2.0 
2.3 
2.5 
2.0 
2.4 
2.3 
b. A close examination of tables 17 and 7 shows that the adsorption potential model 
PSp exhibits the best correspondence with experimental values. In table 18 the mean 
experimental values for E0 according to the polarized and depolarized mobile model 
from table 17 are listed next to calculated values according to the PSp model. The 
small difference between £Ό values for the polarized and depolarized mobile model 
does not allow us to prefer one of them. 
с From the experimental values for Tk, listed in table 14, the polarization energy 
f/poi is calculated for the mobile models with equation (139), and listed in table 19. 
The comparison of table 19 with table 10, where the values for i/poi according to the 
8 adsorption potential models are listed, again selects the PSp model as showing the 
best agreement with experimental data for the polarized mobile model. The values for 
C/Poi according to the depolarized mobile model are too high in most cases, with 
regard to theoretical values from the PSp model. We therefore prefer the polarized 
to the depolarized mobile model. 
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Table 18. Mean experimental heats of adsorption for the two mobile 
models from table 17 compared with values for -No Umin according to 
the PSp potential model from table 7, all values in cal/mole. 
gas-
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
(m) 
(100) 
(HO) 
( m ) 
(100) 
(no) 
( m ) 
(100) 
(110) 
(m) 
(100) 
(no) 
( m ) 
(100) 
(no) 
(in) 
(100) 
(no) 
mob. pol. 
Eo 
2185 
1920 
1736 
2268 
2051 
2027 
3232 
2975 
2800 
3235 
2970 
2887 
5217 
4570 
4283 
4541 
414З 
4084 
mob. dep. 
Яо 
2211 
І9ЗІ 
I74I 
2289 
2052 
203І 
3296 
3ОІ7 
2822 
3296 
2999 
2905 
5З5І 
4637 
4ЗІЗ 
4632 
4208 
4145 
PSp model 
-No t/mln 
2163 
2127 
2056 
I987 
I955 
1891 
ЗЗ24 
3248 
ЗО99 
З05І 
2983 
2849 
4646 
455I 
4360 
4278 
4192 
4OI9 
Table 19. Experimental values for the polarization energy No l/poi, 
calculated from table 14 with equation (139) for the mobile models, 
compared with theoretical values according to the PSp potential model 
from table 10, all values in cal/mole. 
gas-
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
(HI) 
(100) 
(no) 
( m ) 
(100) 
(no) 
( m ) 
(100) 
(no) 
(in) 
(100) 
(HO) 
(in) 
(100) 
(no) 
(in) 
(100) 
(no) 
mob. pol. 
No t/pol 
- 993 
- 344 
- 170 
- 630 
- 43 
- 166 
-1262 
- 843 
- 447 
-916 
- 595 
- 371 
-1670 
- 902 
- 372 
-1133 
- 811 
- 761 
mob. dep. 
No f/pol 
-1383 
- 479 
-236 
- 881 
- 58 
- 232 
-1904 
-1268 
-673 
-1378 
- 897 
-560 
-2788 
-1505 
-615 
-1892 
-1354 
-1271 
PSp mod( 
No t/p„i 
- 584 
- 500 
- 343 
- 519 
- 445 
- 306 
-1276 
-1096 
- 747 
-П37 
- 973 
-667 
-1676 
-144З 
-1001 
-1503 
-1294 
- 898 
d. A more direct test of the reliability of estimating polarization quantities from 
adsorption isotherms according to the polarized and depolarized mobile model is 
offered by the availability of values for induced dipole moments obtained by other 
methods. Measurements of the lowering of the work function of metal films, referred 
to as surface potential, produce values for the dipole moment according to : 
μβρ 
Δψαο 
4KQ 
(164) 
Equation (164) is derived with the same simplification used in equation (138), neglec­
ting the actual variance of the electric field over the adsorbed atom. A comparable 
quantity is calculated from Akm for the polarized model according to equation (139): 
Цк = 
Ak^Tkbido 
2π 
For the depolarized mobile model we find from equation (147): 
μ*(β) = 
aFett 
1 + erf [, 
/ 
/ -
Ьк
т
Т к Ьгао 
2П 
(іб5) 
(ι 66) 
Using for θ the value 0.8, a proper value for the first monolayer where adsorption in 
the second layer is about to start as will be demonstrated in section iv-6, and for hkm 
the values from table 14 for the polarized and depolarized mobile model, values for 
Цк and Цк( ) are calculated for xenon adsorption on copper and nickel. The values 
are listed in table 20 together with values for μ9ρ from surface potential measurements 
Table 20. Comparison of values for dipole moments from surface potential measure­
ments μβρ with those obtained from lateral interaction parameters for the polarized 
mobile model μκ and for the depolarized mobile model Цк( ). All values are given in 
face 
xenon on copper 
μ* μΠΘ) 
( n i ) 0.79 0.77 
(100) 0.67 0.65 
(но) 0.65 о.бз 
μβρ face 
0.41 
xenon on nickel 
\ІЪ μ* (θ) 
( H I ) 0.96 0.93 
(100) 0.71 0.68 
(по) 0.45 0.44 
μ-ρ 
0.52 
for xenon on copper and nickel films, which represent mean values for the densest 
faces. The same order of magnitude is obtained from two completely different expe­
rimental methods, which makes the theory on lateral interactions in the mobile models 
fairly reliable. 
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e. For the PSp potential model the frequencies for ζ vibrations can be calculated 
from Eo by iteration with equations (132) and (129). Then, with equations (66) and 
(24) experimental values for Eo corrected for proper o?z-vaIues are calculated from 
values for the mobile models given in table 16. The mean values and their maximum 
deviations obtained in this way for the theoretical ζ frequencies are listed in table 21. 
The mean of the maximum deviations now amounts to 1.1 %, somewhat higher than 
the values for unexcited ζ vibrations. From an experimental point of view we therefore 
prefer unexcited vibrations as a first approximation. 
Table 21. Mean values of the experimental heats of adsorption 
from table 16, corrected for ζ vibrations according to the PSp 
potential model, given in cal/mole, with their maximum deviations 
in %. 
gas-
metal 
argon 
on 
nickel 
argon 
on 
copper 
krypton 
on 
nickel 
krypton 
on 
copper 
xenon 
on 
nickel 
xenon 
on 
copper 
face 
(m) 
(100) 
(no) 
(m) 
(100) 
(no) 
(m) 
(100) 
(no) 
(m) 
(100) 
(no) 
(in) 
(100) 
(no) 
(in) 
(100) 
(no) 
mob. 
¿г 
2048 
1775 
1584 
2134 
I9II 
1886 
3040 
2778 
2598 
3039 
2767 
2667 
4858 
4196 
3901 
4190 
3782 
3722 
pol. 
аЕтлх 
0 
0 
0 
0.2 
0.7 
о.З 
2-3 
1.2 
I.O 
1.2 
1.8 
2.2 
1.5 
2.0 
ΐ·3 
1.4 
0.9 
I.I 
mob. 
E
a 
2081 
1786 
1589 
2156 
I9I2 
I89I 
3105 
2832 
2620 
3084 
2800 
2702 
4992 
4270 
3931 
4282 
3849 
3784 
dep. 
dEmax 
0 
0 
0 
0.2 
0.7 
0.3 
2.3 
1.2 
1.0 
1.2 
1.8 
2.2 
1-5 
2.0 
1.3 
1-4 
0.9 
I.I 
f. For a patchwise heterogeneous surface, containing only a few patches, the deri­
vation of an equation for the theoretical isosteric heat of adsorption closely follows 
the derivation given by Broekhoff and van Dongen2 0 for an infinite number of 
patches. For the homogeneous i-th patch equation (38) holds: 
"δ \n(p)' 
<tf = 
8
ІІт 
(167) 
θι 
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The overal coverage θ reads: 
θ = Σ fi θι (ι68) 
where/i stands for K
m
i/F
m
 and θι is determined by a set of equations for the parti­
cular adsorption model, like equation (159) for the uncorrected mobile model. The 
overall isosteric heat qBi reads: 
"δ i n f r / jSt
 =
 _ 
Me 
(169) 
θ 
The differential of equation (168) with respect to i/RTat constant θ yields: 
δθι 
Л θ 
RT 
Σ/ί (lyo) 
For the i-th patch, θι depending on ρ and T, we write : 
αθ, 
δθί 
δ ìn(p) ,dln(p) + 
δθι 
.· fe 
\RT, ОТО 
Substitution of equation (171) into equation (167) yields: 
?r 
δθ! 
Аш)_ 
δθ! 
[δΐη^;] 
(172) 
Substitution of equation (171) into equation (169) results in: 
δθ! 
δθ! 
i.· fe)J θ δθ! s / M L \RTU δ ln(p) (ИЗ) 
After elimination of the first term of the right hand side of equation (173) with equa­
tion (172) and substitution into equation (170) we obtain: 
o = lfi(q^-q^) 
δθ! 
δ in(p) 
hence: 
Σ/ι?? 
q ' — 
Σ/ι 
i L 
f δθ, 
δ in(p) 
δθι 
δ ЫР)\ 
Τ 
τ 
(174) 
(175) 
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The equations for qet are given in the sections 111-6 and 111-7 for the three models to be 
compared. The quantity [δθι/δ ln(p)]T is derived from: 
δθ! ' 
[δ Ы(р)\ Τ 
[δ 1η(ρ)-
δθ! 
= Ι (176) 
and is calculated directly from the adsorption equation for \n(p). f\ is given the same 
values as used for curve-fitting experiments to be described in section iv-6. Using the 
experimental values for k, listed in table 14 and experimental values for the mean 
heat of adsorption, listed in tables 17 and 21, theoretical isosteric heat curves are 
calculated with equation (175) for three models, viz. the polarized and depolarized 
mobile models and the polarized localized model. 
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Fig. 22 Comparison of an experimental ^'-curve, 
derived from the isotherms of krypton on copper 
at 87.38 and 94.35°K, with theoretical curves ac­
cording to the polarized mobile model with 
оЦъ = ι (curve a), the polarized mobile model 
with vibrations according to the PSp potential 
model (curve a'), the depolarized mobile model 
with o<7z = 1 (curve b) and the polarized localized 
model with о9г = ι and o^x = 1 (curve c). 
In fig. 22 the experimental isosteric heat curve for krypton on copper, reduced 
under standard conditions, is compared with four theoretical curves, viz. curve a 
according to the polarized mobile model with o?z = 1, curve d for the same model 
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but with values for ctf
z
 calculated from the PSp potential model, curve b for the 
depolarized mobile model with o?z = ι and curve с for the polarized localized model 
with o?z and o^ x equal to i. Fig. 22 leads us to the conclusion, that, assuming unexci-
ted vibrations, the experimental curve is described best by the mobile models. The 
polarized model with unexcited vibrations appears to yield far better results than the 
same model with calculated vibrations. 
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Fig. 23 Comparison of the experimental <iet-
curve, derived from the isotherms of krypton on 
copper at 87.38 and 94.35o К, with the theoretical 
curve according to the polarized mobile model 
With oQz = 1. 
The mobile polarized model is also used for the theoretical curves, indicated by 
dashed lines, in figs. 23-26 for krypton and xenon adsorption on copper and nickel. 
In fig. 24 the horizontal line indicates the absolute value of the heat of sublimation of 
xenon. In all figs, the isosteric heat is plotted as a function of the adsorbed volume 
я
, while equation (175) relates qst to ; the values for V
m
, needed for the conversion 
from θ to F
a
, have been taken from the results of surface area determinations, to be 
described in detail in section iv-6. The figs. 23-26 reveal a marked agreement between 
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Fig. 24 Comparison of the experimental 9st-curve, derived from the 
isotherms of xenon on copper at 109.35 and iis.3i°K, with the theore­
tical curve according to the polarized mobile model with o?i = 1 · 
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Fig. 25 Comparison of the experimental 
<ist-curve, derived from the isotherms of kryp­
ton on nickel at 87.22 and 94.28° K, with the 
theoretical curve according to the polarized 
localized model with оЯ
г
 = 1. 
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theoretical and experimental curves, the difference in the region up to θ = 0.6 being 
some two hundred cal/mole, of the same order of the experimental error. 
At higher values of Θ, the experimental curves reveal a sharp rise, not predicted by 
the theoretical models. This rise is qualitatively the same as measured by Rhodin 1 2 · 2 l 
on monocrystal surfaces of metals. There are two possible explanations for this 
phenomenon. The van der Waals model involves the assumption of the radial distri­
bution function to be equal to one, which assumption may not hold above θ = 0.6 
and is certainly inadequate when two-dimensional condensation occurs at tempera­
tures below Гсг. Condensation is not observed from the slope of adsorption isotherms 
but a more probable complication for adsorption on metals is the formation of regular 
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Fig. 26 Comparison of the experimental 
çs'-curve, derived from the isotherms of xenon 
on nickel at 113.66 and I28.02°K, with the 
theoretical curve according to the polarized 
mobile model with oÇz = 1. 
structures in the adsorbed phase, a phenomenon which has been observed by LEED 
by Palmberg for xenon on the (1 io)-face of palladium22 and by Chesters and Pritchard 
for xenon on the ( in ) and (loo)-faces of copper23. This shift from mobile to localized 
adsorption must be expected to result in a rise of the isosteric heat in the direction of 
the value for localized adsorption, which is indeed seen in fig. 22. 
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An other or additional effect could be a high degree of depolarization of the dipoles, 
resulting from the forced arrangement of the adsorbed atoms by the surface. Complete 
elimination of polarization would result in a change in the isosteric heat equal to: 
Aqsi = AkmRTQ (177) 
for the polarized model. Values for A^et, calculated from values for Akm from table 14 
and θ = 0.85, a r e listed in table 22 together with values observed in figs. 23-26. Values 
for the (iii)-face all come quite close to the observed values. 
Table 22. The difference between theoretical and experimental Rvalues in the maximum 
of the curve, observed from figs. 23-26 and calculated with equation (177), all values in 
cal/mole. 
gas-
metal 
Kr-Ni 
Xe-Ni 
Kr-Cu 
Xe-Cu 
Γ
Ο
Κ 
90.75 
120.84 
90.86 
" 2 . 3 3 
Agobs 
-600 
-1400 
-500 
-600 
( I I I ) 
- 6 8 0 
- 1 1 2 0 
-49O 
- 7 6 0 
Alcaic for the faces 
(100) 
-450 
-600 
-320 
-550 
(no) 
-240 
-250 
-200 
- 5 3 0 
An indication that might be of assistence in making a choice between the possible 
explanations is offered by the experimental results of Thorny14. Thorny observed a 
second phase transition from a liquid to a solid adsorbed phase for a number of gases 
on exfoliated graphites. The isosteric heat curves, obtained from adsorption isotherms 
at different temperatures for krypton and xenon, did exhibit a rise in the region of the 
second phase transition of comparable magnitude as in gRt-curves for adsorption on 
metals. As the adsorbed phase has comparably regular structures for xenon on 
graphite and copper, which is demonstrated with LEED experiments for xenon on 
graphite by Lander and Morrison2 4 and for xenon on copper by Chesters and 
Pritchard23, the high experimental values for qst on metals must have the same origin 
as on graphite. Then, áqst on metals is not caused by some specific property of metal 
surfaces, like an almost complete depolarization. The first possibility for explaining 
too high experimental ^-values by a transition from mobile to localized adsorption, 
accompanied by a shift to higher localized ^-values (see fig. 22) has the highest 
probability. 
The comparison of the models leads to the conclusion, that the two-dimensional 
van der Waals equation, corrected for polarization, describes our experiments best 
up to θ = 0.6, provided that the vibrations in the ζ direction be assumed unexcited. 
A striking agreement between this model for the description of adsorption isotherms 
and the adsorption potential model denoted as the PSp model (consisting of a 
Prosen-Sachs dispersion, a polarization and a z~9 repulsion potential), for the calcula-
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tion of £Ό and í/poi at zero coverage is observed, with the exception of the influence 
of ζ vibrations. The second derivative in the minimum of the potential curve, which 
yields the frequency of the ζ vibration, obviously has too low a value, so that the 
vibrations should be excited. 
For the vibration to be virtually unexcited, the o z^ value would have to be close to 
unity, e.g. 1.15 for which the frequency would need to be about 5 times higher than 
calculated from the PSp model and the second derivative of the potential would then 
be 25 times as high, which is incompatible with the potential model evolved. 
As was discussed in section 11-5, for a thorough comparison of localized and mobile 
adsorption models, the numerical knowledge of <,#ζ and o<7x is needed. The lack of an 
adsorption potential model for localized adsorption on metals does not allow us to 
carry out a similar comparison. The results of the above, together with some minor 
conclusions reached in the sections 111-2,111-5 and IV-3 and some remarks concerning 
this subject, yet to be made in sections iv-6 and iv-8, decide for the rejection of 
localized adsorption on metals for the adsórbales and temperatures used in this in-
vestigation. 
IV-6 SURFACE AREA DETERMINATION OF METAL SURFACES 
Having determined the adsorption model that gives the most satisfactory descrip-
tion of the adsorption on metal surfaces, this model may be expected to yield the 
most consistent surface areas for various gases on the same surface. The surface area 
is calculated from the monolayer volume with: 
S = 0.269 a0 Vm (178) 
where Vm denotes the STP gas volume needed to fill a monolayer. When a0 is given 
in Â2/atom and Vm in ce STP/g, S is obtained in m2/g. 
The monolayer volume is determined by curve-fitting the equations according to 
the polarized mobile model, reading: 
inf/,; = \п(к
т
о
Ь
) - ^ + Ц т г ё ; ) + т і г ^ - (km + MTJÖI 
\n(p) = InftfnW - 1 ^ + In i—- ì + - \ - - f*·" + МЗД (179) 
Kl \I 02/ I—02 
ln(p) = \n(K
mob) - 1 ^ + Inf-^T-i 4 - \ - (k* + АА:™; з Kl \I — Из/ I — 03 
9 = 9 , ^ + 6 2 - ^ + з - ^ - 3 
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to the adsorption isotherm. The values of К
т
оь and km being known from the three-
dimensional critical properties listed in table 15, the problem is concentrated on the 
adjustment of 9 parameters, viz. Eoi, £02, £оз, А&7, Δ&™, Δ&™, Fmi, V
m
2 and V
m3 in 
order to construct a theoretical line describing the theoretical isotherm best in the 
region of the first adsorbed layer. Values obtained by the graphical method, described 
in section 1V-4, are used as starting values. The simultaneous solution of the four 
equations (179) in order to obtain the values of θ belonging to \n(p), is carried out 
with an electronic computer, using the method of Newton-Raphson. The adjustment 
of the 9 parameters is done by hand, causing the procedure to be very tiresome. The 
final solution, as a consequence of the big number of parameters, is not necessarily 
unique. 
Fig. 27 Results of curve-fitting the polarized mobile model with otfz = 1 to the experimental 
data for argon at 77.60, krypton at 94.28 and xenon at 124.93° К on the same nickel sample, from 
right to left. Full lines represent theoretical curves, open circles experimental points and dashed 
lines adsorption in the second monolayer. 
The results for argon, krypton and xenon on nickel, reduced at standard conditions, 
are illustrated in fig. 27, where the solid curve indicates the curve-fitting results and 
the circles give the experimental points. The dashed lines indicate the onset of adsorp­
tion in the second monolayer. Except in the very low pressure region, the theoretical 
curves follow closely the experimental points; a small fraction of the surface with a 
higher heat of adsorption may cause this defect. The final values of the adjustable 
parameters are listed in table 23. For xenon, krypton and argon, from left to right 
in fig. 27, the ratio of the monolayer volumes of the ( i n ) , (100) and (iio)-faces 
equals 6 : 3 : 1 , which may be expected for the time and temperature employed for 
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Table 23. Final values of the adjustable parameters for curve-fitting the isotherms of 
argon, krypton and xenon on nickel given in fig. 27; £Ό is given in cal/mole, Τ Akm in 
°K and K
m
 in cc STP/g. 
face 
( I I I ) 
(100) 
(no) 
argon on nickel 
£0 TAkm Km 
2140 -257 O.0684 
1917 -89 O.0342 
1800 -44 O.OII4 
krypton on nickel 
Eo Τ Mcm Km 
3303 -402 0.0565 
3036 -268 0.0282 
2837 -142 0.0094 
xenon on nickel 
E0 
5333 
4554 
4358 
Τ Ak™ Km 
-665 0.0427 
-359 O.0213 
-147 0.0071 
reduction. The total monolayer volume equals the sum of the monolayer volumes of 
the three faces. With this value surface areas for the gases are calculated with equation 
(178), using the van der Waals molecular areas for the adsórbales from table 15. For 
argon, krypton and xenon the surface areas amount to 0.418, 0.396 and 0.354 m2/g 
respectively. The deviation of the surface area for argon is probably caused by the 
0 20 -
Fig. 28 Results of curve-fitting the polarized mobile model with oQz = 1 to the experimental 
data for argon at 77.65, krypton at 94.35 and xenon at 120.41° К on the same copper sample, from 
right to left. Full lines represent theoretical curves, open circles experimental points and dashed 
lines adsorption in the second monolayer. 
fact, that the argon isotherm could only be measured up to θ = 0.72, resulting in a 
less reliable fit. On the difference between the surface areas for krypton and xenon we 
will come back later in this section. 
The results for argon, krypton and xenon on standard reduced copper powder are 
given in fig. 28. The same deviation as for nickel in the low pressure region is observed, 
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indicating a slight degree of heterogeneity, possibly due to impurities, which is restric­
ted to less than 2 % of the surface. The values for the adjustable parameters are listed 
in table 24. The ratio of the monolayer volumes of the ( in) , (100) and (iio)-faces is 
3 : 1 : 6 for all three adsorbates, a rather unexpected phenomenon. The surface areas 
for argon, krypton and xenon amount to 0.649, 0.656 and 0.623 m2/g, respectively. 
This very good agreement of the surface areas on copper, using the molecular areas 
according to the van der Waals theory, forms another justification for the use of the 
polarized mobile model. 
Table 24. Final values of the adjustable parameters for curve fitting the isotherms of 
argon, krypton and xenon on copper given in fig. 28; £0 is given in cal/mole, Τ Akm in 
"K and K
m
 in cc STP/g. 
argon on copper krypton on copper xenon on copper 
face EB Τ Ак
т
 Ут Eo Τ Akm Vm E0 Τ Ак
т
 Km 
( H I ) 2314 -164 0.0531 3235 -291 0.0468 4585 -451 0.0375 
(100) 2074 -11 0.0177 2962 -189 0.0156 4164 -323 0.0125 
( n o ) 2024 -43 0.1062 2885 -117 0.0936 4114 -304 0.0750 
An examination of the values for the heat of adsorption, obtained by the graphical 
method described in section iv-4 and listed in table 16, and the values obtained by 
curve-fitting listed in tables 23 and 24, reveals differences between the methods of less 
than 100 cal/mole, which proves that the graphical method is a fairly accurate one. 
The above described method for determining surface areas of metals is, though 
theoretically sound, rather impracticable and not suited for routine use. It may be 
interesting to compare its results with results of the B-point method, a method with 
the same successful results as the BET-method. The B-point is the adsorbed volume 
in a V
a
 vs. ρ plot where the curved rise of adsorption in the first layer turns into the 
plateau of the transition to adsorption in the second layer. The onset of the formation 
of the second monolayer in figs. 27 and 28 happens to be the same B-point. For, the 
point of inflexion in a ν
Λ
 vs. ln(/?) plot, indicating the shift from the straight line 
θ = a In(p) + b into the curved one θ — с exp(ln(p)) + dis virtually the same as the 
point in a Fa vs. ρ plot, where the curved line θ = a \n(p) + b turns into the straight 
Table 25. Coverages in the B-point 
in figs. 27 and 28. 
gas-metal Τ "К в 
0.784 
0.783 
0.788 
0-794 
0.81 о 
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Ar on Cu 77.70 
Кг on Cu 94.35 
Xe on Cu 120.51 
Kr on Ni 94-28 
Xe on Ni 124.99 
line θ = с ρ + d. The values for θ corresponding to the B-point and calculated from 
the ratio of the adsorbed volume in the B-point and the total monolayer volume 
obtained by curve-fitting, are listed for 5 isotherms in table 25. They all appear to be 
within a few per cents from 0.80. This surprisingly consistent value makes it possible 
to choose values for the cross-sectional areas of argon, krypton and xenon, to be used 
in the В and BET-method, as θ in those methods is assumed to be equal to one. We 
propose to use values for a0, which are 1.25 times as high as the values in table 15, 
amounting to 17.02, 19.55 and 23.15 Â2 for argon, krypton and xenon respectively. 
These values agree very well with values, successfully used for surface area determina-
tions of metals with the BET-method, viz. for krypton 19.5 Â2 " • 2 6 · 27 and for xenon 
22.32Θ, 24 2 5 and 25 Λ2 2 7. It is remarkable that values for в are all quite near 0.8 
while the surface areas, calculated from the same monolayer volumes obtained by 
curve-fitting, exhibit considerable deviations, e.g. for krypton and xenon on nickel. 
This might be explicated by values for QQ for xenon, which differ from the van der 
Waals value, indicating imperfect mobile adsorption behaviour. 
Our results provide a sound basis for use of the point В method for metals, which 
leads to reliable surface area values, provided a θ value of 0.8 is taken for this point 
with van der Waals areas for the adsorbed atoms, or alternatively cross sectional 
areas of 17.02 for argon, 19.55 for krypton and 23.15 Â2 for xenon with a θ value of one. 
І -7 THE HIGHER PRESSURE REGION 
The theoretical treatment of adsorption in the higher pressure region involves a 
number of difficulties, already indicated in section 11-7. Since metal surfaces with 
three homogeneous patches introduce extra complications, we will start to illustrate 
phenomena in the higher pressure region with some isotherms on a virtually homo­
geneous surface, obtained by treating carbon blacks at temperatures of 3000° С 
In figs. 29 and 30 adsorption isotherms are reproduced for argon and krypton on 
Sterling FT, a graphitized carbon black with heats of adsorption in the first layer 
amounting to 2170 cal/mole for argon and 2580 cal/mole for krypton29. The difference 
between the heats of adsorption in the first and second layer obviously is big enough 
to result in separate adsorption in successive layers at the experimental adsorption 
temperatures. The layered building up of the adsorbed phase is also beautifully de­
monstrated by the isosteric heat curve in fig. 31 for krypton on Sterlin FT. The 
observed deep minimum after the filling of the first monolayer indicates a small 
driving force for adsorption of the first krypton atoms in the second monolayer; 
apparently this is caused mainly by the absence of lateral interactions between atoms 
adsorbed in the same layer. The depht of the minimum between successive layers 
decreases with increasing number of preadsorbed layers; the physical properties of 
the adsorbed toplayer, obviously, are shifting from those of a two-dimensional phase 
towards the properties of the three-dimensional bulk phase. The two-dimensional 
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adsorbed phase is characterized in the mobile model by Xmob, £o and km. The chang­
ing physical properties must be due to a shift in the frequency of the ζ vibrations in 
A'mob and a lower heat of adsorption, due to the greater distance to the solid surface. 
Because the heat of adsorption and the lateral interaction parameter in the first layer 
are reasonably well predicted by the van der Waals model and the vibrational frequen-
600 
Fig. 29 Adsorption isotherms of argon on Sterling FT at 
79.49 and 85.41 °K. 
cies have uncertain values even there, the uncertainty in the frequencies prevents even 
an approximate theoretical description of multilayer adsorption. Moreover, the trans­
lations in the two-dimensional phase are replaced by rather uncertain degrees of 
freedom of the bulk phase. In the case of the adsorption of krypton on Sterling FT, 
for instance, the bulk phase is solid at both adsorption temperatures in fig. 30 and 
for the adsorption of argon on Sterling FT it is solid for the lowest adsorption tempe-
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rature of 79.49o К in fig. 29, since the triple point temperature for argon is 83.8i0K. 
In a recent article van Dongen, Kaspersma and de Boer17 argued, that for adsorp­
tion on surfaces other than graphitized carbon blacks, the structure of the adsorbed 
phase is quite different from the structure of the bulk phase at adsorption temperatures 
below the triple point. This is demonstrated for metals by the intersection of the 
adsorption isotherm and the po-axis (see figs. 14, 16 and 20) and by the isosteric heat 
^ " - P mm Hg 
Fig. 30 Adsorption isotherms of krypton on Sterling FT 
77.63 and 8i.470K. 
curves for the higher pressure region, examples of which are given in fig. 32 for krypton 
on nickel and in fig. 33 for tetrafluoromethane on copper. The influence of the triple 
point temperature follows from fig. 34, where the isotherms of tetrafluoromethane 
on copper at 85.34 and 98.62o К are reproduced, tetra-fluoromethane having a triple 
point temperature of 89.6o К 1 8 . The intersection of the adsorption isotherm with the 
vapour pressure of the solid phase before four monolayers are filled, has to be explained 
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Fig. 31 The 9st-curve for krypton on Sterling FT, derived from the isotherms 
of fig. 30; the negative value of the heat of sublimation is given by the horizontal 
line at 2680 cal/mole. 
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Fig. 32 The ^ -curve for krypton on nickel, derived from isotherms at 77.67 and 
82.230K. 
as the transition from adsorption on the surface to sublimation into the solid bulk 
phase. At starting pressures abovedo the adsórbate no longer adsorbs according to the 
adsorption isotherm but sublimates at po. The difference between the structures of 
the adsorbed and the solid phase near/?o follows from the isosteric heat curves below 
Tu. The negative molar heat of sublimation -ΔΛβ, for krypton amounting to 2680 
100 
cal/mole and for tetrafluoromethane to 3480, which is represented by the horizontal 
lines in figs. 31, 32 and 33, is approached by the isosteric heat from below in figs. 32 
and 33. Calling the difference between qBt and -ΔΑ8 Aq, we may write: 
(180) 
θ 
According to equation (47) qsi is related to the differential entropy of the adsorbed 
phase s
u
 according to : 
q« = T(sg-h) (181) 
A relation for AhB reads : 
-AhB = T(sg — sB) (182) 
where Js denotes the molar entropy of the solid phase. Substitution of equations (181) 
and (182) into equation (180) yields an expression for the entropy difference between 
the adsorbed and the solid bulk phase : 
. . Aq 
As = Sa, — ís = - — (183) 
Equation (183) reveals, that for negative values of Aq the entropy of the adsorbed 
phase is higher than in the solid bulk phase, indicating a less ordered structure in the 
adsorbed phase. Then the energy of interaction between adsorbed molecules is smaller 
than in the solid bulk phase. This intersection of the isotherm with the £o-axis at 
finite values of the adsorbed volume occurs only below the triple point temperature, 
which means, that the interactions in the adsorbed phase are not weaker than in the 
liquid three-dimensional phase. Hence, the structure of the adsorbed phase is some-
where between the solid and liquid bulk structure. 
This phenomenon has been observed when adsorbing on oxides, salts and metals, 
but not on graphitized carbon blacks. The isotherms in figs. 29 and 30 for argon and 
krypton on Sterling FT below and above their triple point temperatures do not inter-
sect the^o-axis and also the isosteric heat curve in fig. 31 for krypton does not approach 
the horizontal line representing the heat of sublimation from below, but from above. 
Obviously, the influence of the surface of metals on the structure of the adsorbed 
layer is stronger than the influence of a graphite surface; this was associated by de 
Boer and Kaspersma30 with the existence of a strong electric field above metal 
surfaces. This field was supposed to be strong enough to polarize the atoms in the 
adsorbed toplayer, resulting in a less dense structure of the adsorbed phase. 
Another characteristic of adsorption on metals is the remarkably steep slope of the 
isotherms in the region of the second monolayer. Figs. 17, 18, 20 and 21 for the 
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Aq = qet + AhB = 
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1 
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F'e- 33 The isosteric heat curve for tetrafluoromethane on copper, derived 
from isotherms at 76.97 and 85.34o K. 
Fig. 34 Isotherms of tetrafluoromethane on copper 
at 85.34 and 98.62° К ; the black circles stand for the 
highest temperature. 
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adsorption of krypton and xenon on copper and nickel reveal, that the isotherm is 
steeper in the second than in the first monolayer region ; compared with the isotherms 
on Sterling FT, we notice an inversion of the order of decreasing steepness in successive 
layers. This is also caused by the existence of an electric field above metal surfaces, 
for the polarizing influence of the field, leading to diminished lateral interactions and 
consequently to a less steep slope of the isotherm, falls off rapidly with increasing 
distance to the surface. 
IV-8 SOME REMARKS ON THE EQUILIBRIUM TIME 
In all the adsorption experiments of argon, krypton and xenon on copper and 
nickel samples, listed in table 13, the first adsorbed quantity required an equilibrium 
time of 60-90 minutes, the second quantity 15-30 minutes and all further quantities 
less than 15 minutes. The observed phenomena were the same over a temperature 
range from 80-120oK, at which the equilibrium pressure for the first adsorbed quan-
tity varied from io~6-io-2 Torr. 
It is interesting to trace the origin of these findings. As noble gas adsorption is 
unlikely to be activated, these phenomena have to originate from transport limitations. 
The transport phenomena taking place during the adsorption process are: 
1. Heat transport from the metal surface to the cooled walls of the adsorption vessel. 
2. Mass transport in the bulk of the gas phase by self diffusion. 
3. Mass transport by Knudsen diffusion, the transport by repeated desorption from 
and adsorption on porewalls. 
4. Mass transport by surface diffusion. 
1. The adsorption of a normal first quantity of io-6moles of some gas with a heat 
of adsorption of 5 kcal/mole on 2.5 g metal would raise the temperature of the sample 
some 0.040 K. Obviously this effect is far too small to give rise to the observed equili-
brium times, the more so, as the high heat conductivity of copper and nickel prevent 
local temperature differences to occur. 
2. Self diffusion in the gas phase is unlikely to be the limiting step in the adsorption 
process, as the equilibrium times are independent of pressure and temperature, while 
this type of diffusion is governed by a pressure difference and a temperature dependent 
diffusion coefficient. 
3. Knudsen diffusion with simultaneous adsorption must be expected to depend on 
the adsorption properties of the surface, viz. the distribution and the magnitude of 
the heat of adsorption. On a homogeneous surface this type of diffusion may not be 
expected to cause long equilibrium times independent of temperature and pressure. 
But a surface with a heterogeneous fraction may be expected to retard the equilibra-
tion, because sites with high adsorption energies, situated on accessible parts of the 
surface will decelerate the adsorption- desorption process. After the high energy sites 
are covered, the situation will be the same as on a homogeneous surface. 
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4- Surface diffusion is expected to depend also strongly on surface properties. A 
heterogeneous surface with high translational barriers will cause a much slower surface 
diffusion than a homogeneous surface. For not too wide pores and relatively low 
pressures, surface diffusion will be replaced by Knudsen diffusion at elevated tempe­
ratures. 
From 3 and 4 we may conclude that the experimental findings may be explained 
by a combined limitation of Knudsen and surface diffusion, in such a way, that 
longer equilibrium times for the first adsorbed quantities are probably caused by 
adsorption on heterogeneous parts of the surface. Thus, the metal samples should 
exhibit a homogeneous surface with a heterogeneous fraction amounting to some 
5 %, in agreement with the conclusions in section iv-6. 
It is of interest to note that copper samples, pretreated with nitrous oxide and 
partly covered with a layer of oxygen, further discussed in section iv-10, need equili­
brium times of one hour for each adsorbed quantity; as a heterogeneous character may 
be expected for a surface partly covered with oxygen, which is confirmed by the features 
of the adsorption isotherm, this is in accordance with the conclusion reached above. 
IV-9 ISOTHERMS ON HETEROGENEOUS METALS 
After having evolved with some degree of success a treatment of adsorption on 
pseudo homogeneous surfaces, we may now try our hand at the treatment of less 
homogeneous metal surfaces. 
Starting with less pure oxides than used before, small amounts of impurities may 
be expected to be concentrated on the surface during sintering, so that markedly 
heterogeneous surfaces will be obtained. 
Two examples of copper powders prepared from non-spectroscopically pure oxides 
are presented in this section. One of the oxides was prepared by steam stripping 
under CCh-free circumstances a solution, containing 90 g Си(МОз)2 3H2O (Merck 
pro analyst) and 250 g of a 25 % ammonia solution (Merck pro analysi) in 1500 cc 
water. After filtration under CCh-free conditions and washing the oxide was reduced 
in the adsorption apparatus under standard conditions. On the sample, denoted by 
CuCO, krypton was adsorbed at 77.8° К ; the resulting isotherm is represented by 
the upper curve in fig. 35. 
A second copper sample was obtained by reduction of cupric oxide Analar 
(Hopkin and Williams) under standard conditions. The specification reported 0.5 % 
of impurities in the oxide. The krypton isotherm on this sample, denoted by CuAn, 
is given by the lower curve in fig. 35. 
Both isotherms in fig. 35 indicate a less homogeneous surface than the surfaces 
prepared from spectroscopically pure oxides; there are no marked substeps for dif­
ferent crystal faces and the first and second monolayer region are separated by less 
horizontal plateaus. 
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Fig. 35 Isotherms of krypton on heterogeneous copper samples at 78o К ; the sample of the up­
per curve with its Fa-scale on the right is prepared from СОг-Ггее cupric oxide (CuCO). The 
sample of the lower curve is prepared from Analar cupric oxide (CuAn) and has its Fa-scale on 
the left. 
It will be obvious, that, for a calculation of the distribution of the heats of adsorp­
tion, a function with three maxima for three different crystal faces will have little 
chance of success. The method given by Ross and Olivier, reviewed in section 11-6, is 
easy to apply to these surfaces, provided that we accept a large number of patches. 
Assuming the polarized mobile model with unexcited ζ vibrations to hold also for 
these contaminated copper surfaces, equation (76) has to be modified into : 
І п Г . ^ І п ^ о ь ^ ^ + І п Ш + ^ . 
— Q(km + Akm) [r Ch (184) 
where E0 denotes the mean heat of adsorption. The degree of heterogeneity γ is then 
obtained from the slope of the isotherm at θ = і/з according to: 
d ln(p) 
de в
 = ІІЗ
 =
 б
-"-(кш + '"л)['--
г 
Ch 
(185) 
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Using the average quantity for T(km + Akm) from table 14 for krypton on copper 
viz. 500o К, and the value for сь given in section 11-6, γ is easily calculated from 
equation (185). The values obtained for the apparent lateral interaction parameter, 
the degree of heterogeneity and the mean heat of adsorption for the samples CuCO 
and CuAn are listed in table 26. 
Table 26. Quantities derived from the isotherms on heterogeneous surfaces in fig. 35. 
E
a
 cal/mole γ cal"2mole2 
2950 32.04 ю - 6 
2840 38.94 ю - 6 
Distributions of the heat of adsorption, calculated with equations (73) and (74) for 
CuCO and CuAn, are reproduced in fig. 36. The £Ό distributions are given in steps of 
20 cal/mole. For comparison data for a copper sample, obtained by reducing spec-
troscopically pure cupric oxide, taken from table 24 are also given. The high vertical 
columns represent the ( i n ) , (100) and (iio)-faces. 
The patch, occupying the highest fraction of the homogeneous surface, the (110)-
face, lies quite near the mean heat of adsorption of the heterogeneous surfaces. 
Obviously, the (iii)-face has disappeared as a result of impurities, or in other words, 
the higher index faces are stabilized. The mean heat of adsorption is not influenced 
appreciably, so that we may conclude that the bulk properties of the metal, which 
mainly determine the dispersion contribution to the adsorption potential, are hardly 
affected. 
IV-IO ISOTHERMS ON METALS COVERED WITH A CHEMISORBED LAYER 
A method in general use for measurement of metal surface areas is chemisorption 
of a suitable gas. We also want to examine the influence of a chemisorbed layer on 
adsorption isotherms. 
Two methods for the surface area determination of copper by chemisorption are 
described in the literature, viz. the coverage with oxygen by the dissociative adsorp­
tion of nitrous oxide and the dissociative adsorption of hydrogen sulphide, resulting 
in a coverage with sulphur. 
The dissociative adsorption of nitrous oxide on copper was first described by Dell 
et al. 3 1. They concluded that at 20°С and a nitrous oxide pressure of 0.4 Torr one 
oxygen atom was adsorbed per four copper atoms on a rather heterogeneous copper 
surface. On sintering above зоо0С the number of active sites decreased by 60% 
while the surface area decreased by only 30 %. 
sample T(km + Akm) ( 1 — — ) 0K 
CuCO 284 
CuAn 307 
I06 
Osinga et al.32 found a coverage of one oxygen atom per three copper atoms at 
chemisorption temperatures between 20 and 120° С on heterogeneous surfaces pre­
pared by reduction from impure oxides at 180 to 2oo0C. At chemisorption temperatu­
res above 120o С the formation of bulk oxides started. 
Scholten and Konvalinka33 measured increasing coverages with higher adsorption 
temperatures, having a maximum in the neighbourhood of that found by Osinga, on 
copper samples prepared by reduction of spectroscopically pure oxides at ifû'O. The 
temperature dependence of the coverage appeared to be quite different for less pure 
copper samples. The coverage at 20o С corresponded well with the value found by 
Dell. 
0 0 2 
0-01 -
CuAn Cu Co 
3 4 0 0 
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Fig. 36 Distributions of the heat of adsorption derived 
from the isotherms in fig. 35 ; the columns represent the 
distribution derived from the krypton isotherm in fig. 28. 
We have done two chemisorption experiments on spectroscopically pure copper 
samples with nitrous oxide. The construction of our apparatus allowed to measure 
pressures below 5 Torr and hence the initial pressures were chosen not to exeed 
this figure. The amount of chemisorbed oxygen was determined by freezing out 
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the residual nitrous oxide vapour at 78°К and measuring the nitrogen pressure; 
the vapour pressure of nitrous oxide amounted to 6 ю - 7 Torr at 78o К 3 4. 
The first experiment was carried out by contacting an overdose of nitrous oxide 
at an initial pressure of 2.3 Torr for 16 hours at ioo°C with a copper sample, 
prepared from spectroscopically pure oxide by reduction under standard condi­
tions. By measuring the pressure of nitrous oxide plus nitrogen, followed by the 
measurement of nitrogen only, the amount of dissociated nitrous oxide appeared 
to be 2.2 ю - 3 cc STP and the amount of adsorbed nitrous oxide 8.2 ю - 2 ce STP; 
the surface area of the copper sample, calculated from the B-volume (see section 
iv-6) was 1.305 m2. With equation (178) the surface area occupied by one nitrous 
oxide molecule, was calculated to amount to 59 Л2, almost twice as much as the 
surface area of one oxygen atom according to Osinga and Scholten. Using their 
figure for oxygen of 22.2 Â2, the oxygen atoms occupied only 1 % of the available 
sites. The second experiment was carried out at an initial nitrous oxide pressure of 
3.5 Torr at 1000 С for 16 hours. The copper sample was prepared by reduction of 
spectroscopically pure oxide at i50oC for 16 hours and had a surface area of 
1.933 m 2 · The nitrogen pressure indicated the dissociation of 3.96 io_ 2cc STP of 
nitrous oxide, occupying 12.2 % of the available sites. 
In our opinion the nitrous oxide pressure may have been too low to reach a complete 
coverage of the surface with oxygen, or the reactivity of our samples was too low as a 
result of a higher degree of homogeneity. The last argument certainly holds when we 
compare our samples with those of Dell and Osinga. The difference with the very 
pure samples of Scholten is explained partly by the difference between our samples 
reduced for 16 hours at 150 and 300° С and also by the effect of sintering above зоо0С 
communicated by Dell. Then, this method of surface area determination is certainly 
not applicable to all kinds of copper surfaces; the circumstances under which the che-
misorption is carried out have to be adapted to any particular copper surface. 
It is further of interest to see how noble gas physisorption is modified by preadsorp-
tion of oxygen. The krypton isotherm on the second sample, a copper surface partially 
covered by oxygen and nitrous oxide, is given in fig. 37. The surface is obviously less 
homogeneous than an uncovered surface, while the heat of adsorption is slightly 
higher. The required equilibrium times amounted to at least one hour per experimental 
point in the first monolayer region. As was discussed in section iv-8 this indicates 
localized adsorption on a more or less heterogeneous surface. The longer equilibrium 
times and higher heats of adsorption on a small fraction of the surfaces reported in 
sections iv-6 and iv-8 may now be explained by a partial coverage with oxygen. 
The surface area determination with hydrogen sulphide has been described by 
Domange and Oudar 3 5 for the ( i n ) , (100) and (iio)-monocrystal faces of copper. 
LEED experiments revealed the structure of two-dimensional copper sulphide layers 
and with radio-active isotopes they estimated the surface area per sulphur atom on all 
three faces. The experiments were carried out at vapour pressures from ю - 8 to 1 Torr 
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and at temperatures up to 4O0oC. The regular sulphur structure of the (i io)-face was 
the most difficult to obtain. The surface area per sulphur atom appeared to be 13.15, 
13.80 and 14.00 Â2 on the (111), (100) and (1 io)-faces respectively. The sulphur struc-
tures appeared very stable up to 700° C. 
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Fig. 37 Isotherm of krypton at 78° К on a copper sample, prepared by reduction at 150° С for 
16 hours and pretreatment with NjO at ioo°C for 16 hours. 
We have carried out two experiments with hydrogen sulphide adsorption. From 
the hydrogen pressure, measured after freezing out the overdose of hydrogen sulphi­
de at 78° 1С (vapour pressure io_6Torr), the amount of chemisorbed sulphur was 
calculated. Because of the corrosive action of hydrogen sulphide on mercury, it was 
purified in a separate apparatus and supplied to the sample from an oil filled 
burette, so that only a rough estimate of the initial amount of hydrogen sulphide 
was obtained. 
The first experiment was carried out on a copper sample, prepared by reduction 
of spectroscopically pure oxide under standard conditions. The time of contact was 
15 minutes at a temperature of зоо0С; according to Domange and Oudar those 
circumstances should be rigorous enough for copper sulphide structures to be 
formed. On the copper sample with a B-volume of 0.144 c c STP of krypton the 
dissociated volume of hydrogen sulphide was found to be 0.217 cc STP. Using the 
average surface area for a sulphur atom of 13.65 Â2, the surface areas obtained 
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from the B-volume and the amount of dissociated hydrogen sulphide amounted to 
0.795 and 0.757 ni2, respectively. The second experiment involved chemisorption 
on a sample, reduced at i50oC for 16 hours. The amount of hydrogen sulphide, 
dissociated after an exposure of 15 minutes at 300° C, was 0.949 cc STP for a 
B-volume of 0.172 cc STP of krypton. This was 3.5 times as much as needed for 
one monolayer, indicating penetration of sulphur into the copper lattice, probably 
as a result of a disordered surface structure, a poor surface homogeneity. 
Again the sulphur covered surface was examined by krypton physisorption. The iso­
therm of krypton on the first sample at 77.8o K, the lower curve in fig. 38, indicates 
a fairly homogeneous surface with a poor separation between the crystal faces in the 
first monolayer region, in agreement with the almost equal copper sulphide structures 
on the different faces according to Domange and Oudar. Apparently, the surface was 
homogeneous enough to follow the dissociation behaviour described by Domange 
and Oudar. The close agreement between the two surface areas may possibly confirm 
the B-volume method reported in section iv-6. 
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Fig. 38 Isotherms of krypton at 78o К on a copper sample, prepared by reduction at 300° С 
for 16 hours and pretreatment with H2S at зоо0С for 15 min. (lower curve) and on a sample. 
prepared by reduction at I500C for 16 hours and the same pretreatment with FhS. 
The isotherm of krypton on the second sample at 77.8o К is given by the upper 
curve in fig. 38. The separation between the two visible crystal faces in the first layer 
no 
is better than on the other sample. The second monolayer region of both isotherms 
in fig. 38 shows only two distinct faces, possibly the ( i n ) and (loo)-faces. Then, the 
(iio)-face would be disappeared by faceting; the same phenomenon is seen in fig. 37 
for the oxygen covered copper surface. It was also observed for oxygen on nickel by 
LEED investigation, where the (1 io)-face shifted into the (111) and (loo)-faces.36 
From these results it appears, that surface area determinations of copper samples 
by means of chemisorption of oxygen or sulphur (from N2O or H2S) gives very un­
certain results, due to incomplete coverage in some cases and bulk compound forma­
tion in other cases. These findings are instructive in a more general sense, since 
similar complications may well arise in other surface area estimations by means of 
chemisorption. Apparently chemisorption methods are not always as absolute as is 
often thought. 
CONCLUSIONS 
The isotherms of argon, krypton and xenon on copper and nickel and the isosteric 
heat curves, derived from isotherms at various temperatures, up to θ =• 0.6, are descri­
bed best in the region of the first monolayer by the polarized van der Waals model 
with unexcited ζ vibrations. The heats of adsorption and the polarization energies, 
derived from the isotherms with this model, show a remarkable agreement with 
values, calculated from the PSp adsorption potential model. The vibrations in the 
z-direction, calculated from the PSp model, have too low frequencies to yield un­
excited vibrations, however. 
Surface area determinations by curve-fitting isotherms to the polarized mobile mo­
del in the first monolayer region yield consistent results for argon, krypton and xenon 
on the same copper sample. Curve-fitting the isotherms of those gases on nickel 
results in rather different surface areas for the three gases. This might be an indication 
for a less ideal mobile behaviour of xenon on nickel. 
The phenomena in the higher pressure region, viz. steeper second monolayer steps 
and intersection between the isotherm and the /vaxis, are ascribed to the electric 
field above metals. 
Curve-fit experiments and observations on the equilibrium time indicate the pre­
sence of a small heterogeneous fraction on pseudo-homogeneous metal surfaces, 
which are probably caused by impurities such as oxygen. 
Impurities in the oxides, from which the metals are obtained by reduction, intro­
duce heterogeneity in metal surfaces. 
A layer of foreign atoms on a homogeneous metal surface obscures the separation 
between crystal faces in the first adsorbed layer. 
I l l 
LIST OF SOME F R E Q U E N T L Y O C C U R R I N G SYMBOLS 
a index, referring to the adsorbed phase 
ûo molecular area in a close packed layer 
02 two-dimensional van der Waals constant for lateral interaction 
A surface area 
Af- constant in the equat ion for the electric field 
bz two-dimensional van der Waals constant for the excluded molecular area 
Be constant in the equat ion for the electric field 
с velocity of light 
Ca heat capacity of the adsorbed phase 
Cd constant in the depolarized van der Waals equation 
Ch heterogeneity constant 
do collision diameter 
e electron charge 
Eo difference between zero point energy in the gas a n d adsorbed state 
ƒ fraction of the surface 
F electric field 
Fa free energy of the adsorbed phase 
g index, referring to the gas phase 
Ga free enthalpy of the adsorbed phase 
h Planck's constant 
# a enthalpy of the adsorbed phase 
ί index, referring to the Z-th patch 
I ionization energy 
к Bolzmann's constant 
к
т
і
1
 lateral interaction parameter for mobile/localized adsorption 
К constant 
m molecular weight 
me mass of an electron 
M molar weight 
и density of conduct ion electrons 
Иа n u m b e r of adsorbed moles 
N a t o m density in a crystal plane 
Ν
Λ
 n u m b e r of adsorbed molecules 
Λ^ο Avogadro's n u m b e r 
Νβ n u m b e r of adsorpt ion sites 
ρ three-dimensional pressure 
Po pressure of three-dimensional condensation 
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я 
qBt 
Q 
г 
Ге 
Ч 
Гт 
R 
So 
S 
5а 
Г 
Т
сг 
т
сз 
Ttr 
и 
и 
V 
э. 
ш 
χ, У 
ζ 
Ζ 
molecular partition function 
isosteric heat of adsorption 
total partition function 
distance to the centre of a molecule 
radius of a sphere containing one conduction electron 
collision radius of a gas molecule 
radius of a metal atom 
molar gas constant 
site area 
specific surface area 
entropy of the adsorbed phase 
absolute temperature 
two-dimensional critical temperature 
three-dimensional critical temperature 
triple point temperature 
intermolecular potential 
adsorption potential 
electrostatic potential 
adsorbed volume 
monolayer volume 
distance parameters parallel to the surface 
distance to the surface 
atomic number 
α molecular polarizability 
γ degree of heterogeneity 
Δ fraction of some quantity 
θ fractional coverage of the surface 
μ dipole moment 
\ia/g chemical potential of adsorbed/gas phase 
ν vibrational frequency 
ρ density of the electron cloud in an atom 
Φ two-dimensional pressure 
χ molecular magnetic susceptibility 
ψ work function of a metal 
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SUMMARY 
In chapter ι a concise introduction is given into the phenomenon of physical ad­
sorption and into the employed experimental method. 
Chapter n delivers a survey of general theories, needed for interpreting experimental 
adsorption data. 
In chapter ш the derivation of a theoretical picture of the forces, to which an 
atom, physically adsorbed on a metal surface, is subjected, is dealt with. The simpli­
fying assumption, according to which the adsorbed atoms behave as a two-dimen­
sional gas, is made plausible and is introduced into the picture. Numerical values of 
the heat of adsorption and the polarization energy, arisen from polarization of ad­
sorbed atoms in the permanent electric field above a metal, are calculated for eight 
adsorption potential models. The contribution of the polarization energy is dependent 
on the exposed crystal face. From the expression for the electric field the work func­
tion for the different crystal faces is approximated and is found to agree reasonably 
well with experimental data. 
The influence of polarization, induced by the electric field, on the model for a 
two-dimensional gas is discussed. Also the effect of mutual depolarization is considered. 
In chapter iv the measurement of adsorption isotherms of argon, krypton and 
xenon on copper and nickel powders at different temperatures is reported. The mea­
surements agree best with the theory, when the adsorbed phase is considered to be a 
two-dimensional van der Waals gas, consisting of adsorbed atoms polarized by an 
electric field. The values for the heat of adsorption and the polarization energy, 
resulting from the description of the adsorbed phase by the above given adsorption 
model, are used for selecting a model for the adsorption potential. The heats of 
adsorption and the polarization energies both select the PSp model, consisting of an 
attractive dispersion energy according to Prosen and Sachs, an attractive polarization 
energy according to our own model and a repulsion energy proportional to a negative 
power of the distance to the surface. The experiments indicate that the surface of the 
metals consists of three in themselves homogeneous surface patches. These are identi­
fied as the three densest crystal faces for the face centred cubic lattice. 
The model for a two-dimensional polarized gas produces tenable values for the 
surface area of copper and nickel powders; the results are utilized for the introduction 
of a less elaborate graphical method for the surface area determination of metals. 
Next to adsorption on homogeneous surfaces, adsorption on less homogeneous 
and superficially polluted metal surfaces is shortly dealt with. Impurities in the oxides, 
from which the metal samples are obtained by reduction, introduce heterogeneous 
surfaces. Isotherms on homogeneous surfaces, on which a chemisorbed layer is 
preadsorbed, do not show well defined evidence for different surface patches. 
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S A M E N V A T T I N G 
In hoofdstuk ι wordt een beknopte inleiding gegeven tot het verschijnsel fysische 
adsorptie en tot de gebruikte onderzoek methode. 
Hoofdstuk ii geeft een overzicht van de theorieën, die nodig zijn voor de interpre-
tatie van experimentele adsorptie gegevens in het algemeen. 
In hoofdstuk in wordt de afleiding behandeld van een theoretisch beeld van de 
krachten waaraan een atoom, fysisch geadsorbeerd op een metaal oppervlak, is bloot-
gesteld. De vereenvoudigende aanname, dat de geadsorbeerde atomen zich gedragen 
als een twee-dimensionaal gas, wordt aannemelijk gemaakt en in het beeld ingepast. 
Voor acht modellen voor de adsorptie potentiaal worden getalwaarden berekend voor 
de adsorptie warmte en de polarisatie energie, die voortkomt uit de polarisatie van 
geadsorbeerde atomen in het permanente electrische veld boven een metaal. De bij-
drage van de polarisatie energie aan de adsorptie potentiaal hangt af van het kristal-
vlak aan het oppervlak. Met de uitdrukking voor het electrisch veld kan de uittree 
arbeid voor de verschillende kristalvlakken worden benaderd; berekende waarden 
blijken redelijk goed overeen te komen met gemeten waarden. 
De invloed van door het electrisch veld geïnduceerde polarisatie op het model van 
een twee-dimensionaal gas wordt nagegaan, evenals de invloed van gelijktijdige 
depolarisatie. 
In hoofdstuk iv worden metingen van de adsorptie isothermen van argon, krypton 
en xenon op koper en nikkel poeders weergegeven. De metingen vertonen de beste 
overeenkomst met de theorie, als de geadsorbeerde fase wordt voorgesteld als een 
twee-dimensionaal van der Waals gas, bestaande uit atomen die door een electrisch 
veld zijn gepolariseerd. De waarden voor de adsorptie warmte en de polarisatie ener-
gie, die volgen uit de beschrijving van de geadsorbeerde fase met dit model, worden 
gebruikt voor het kiezen van een model voor de adsorptie potentiaal. Zowel de ad-
sorptie warmte als de polarisatie energie leiden tot de keuze van het PSp model, dat 
bestaat uit een aantrekkende dispersie energie, volgens Prosen en Sachs, een aantrek-
kende polarisatie energie volgens ons eigen model en een afstotings energie die even-
redig is met een negatieve macht van de afstand tot het oppervlak. 
De meetgegevens duiden erop dat het oppervlak van metalen uit drie op zichzelf 
homogene delen bestaat, die vereenzelvigd worden met de drie dichtst bezette vlakken 
van het vlakken-gecentreerde kubische rooster. 
Het model voor een gepolariseerd twee-dimensionaal gas levert redelijke waarden 
op voor de grootte van het oppervlak van koper en nikkel poeders; de resultaten 
worden benut voor het ontwikkelen van een minder bewerkelijke grafische methode 
voor het bepalen van de grootte van het oppervlak van metalen. 
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Naast adsorptie op homogene oppervlakken wordt in het kort adsorptie op minder 
homogene en oppervlakkig verontreinigde metaal oppervlakken behandeld. 
Onzuiverheden in de oxiden, waaruit de metaal monsters door reductie worden 
verkregen, veroorzaken heterogene oppervlakken. Isothermen op homogene opper-
vlakken, waarop een gechemisorbeerde laag is aangebracht, vertonen geen duidelijk 
bewijs voor de aanwezigheid van delen van het oppervlak met een verschillend ad-
sorptie karakter. 
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G E A R F E T T I N G 
Yn it foarste haedstik wurdt yn koart bistek ien en oar sein oer it forskynsel fan 
fysyske adsorpsje en oer de wize fan ûndersykjen dy't hjir brûkt is. 
It twadde haedstik jowt in oersjoch fan algemiene theoryen, dy't nedich binne foar 
it ynterpretearjen fan'e fortuten fan it ûndersyk. 
Yn it tredde haedstik komt de ôflieding op't aljemint fan in theoretysk byld fan'e 
krêften dy't in atoom, fysysk adsorbearre op in metaelorflak, to forduorjen hat. De 
forienfâldigjende ûnderstelling, dat de adsorbearre atomen har hâlde en drage as in 
twa-diminsionael gas wurdt oannimlik makke en is yn it byld oanbrocht. Talwaerden 
foar de adsorpsje - en de polarisaesjewaermte - ûntstien út de polarisaesje fan ad-
sorbearre atomen yn it duorjend elektrysk fjild boppe in metael - binne útrekkene 
foar acht modellen foar de adsorpsjepotinsiael. De ynbring fan'e polarisaesjewaermte 
hinget fan it bleatstelde kristalflak óf. Út de útdrukking foar it elektrysk f)ild kinne 
foar de ûnderskate kristalflakken de arbeidswaerden foar it forlitten fan elektroanen 
rûsd wurde. It docht büken dat dy dan ridlik goed oerienkomme mei metten waerden. 
Fan polarisaesje - ûntstien troch it elektrysk fjild - wurdt de ynfloed neigien dy't 
it hat op it model fan in twa-diminsionael gas. Ek it effekt fan lyktidige depolarisaesje 
wurdt bisjoen. 
It fjirde haedstik jowt de mjitútkomsten fan de adsorpsje-isothermen fan argon, 
krypton en xenon op koper- en nikkelpolvers by ûnderskate temperatueren. De resul-
taten komme it best oerien mei de theory, byhwannear't foar de adsorbearre fase in 
twa-dimisionael van der Waals gas nommen wurdt, dêr't de adsorbearre atomen fan 
polarisearre binne troch in elektrysk f)ild. De waerden foar de adsorpsje- en de pola-
risaesjewaermte, dy't folgje út de biskriuwing fan de adsorbearre fase mei boppe-
neamd adsorpsjemodel, wurde brûkt foar de kar fan in model foar de adsorpsje-
potinsiael. De adsorpsjewaermte likegoed as de polarisaesjewaermte bringe ûs ta de 
kar fan it PSp-model, dat bistiet út in oanlûkende disperzje-energy neffens Prosen en 
Sachs, in oanlûkende polarisaesje-energy neffens us eigen model en in ôfstjittende 
energy dy't evenredich is mei in negative macht fan de ôfstân ta it oerflak. 
De mjittingen wize der op dat it oerflak fan metalen út trije op harsels homogene 
parten bistiet. Dy wurde yn't lyk steld mei de trije tichtst bisette kristalflakken fan it 
f.c.c.-roaster. 
It model foar in polarisearre twa-diminsionael gas smyt ridlike waerden op foar de 
greatte fan it oerflak fan koper- en nikkelpolvers; de útkomsten wurde brûkt foar it 
fuortsterkjen fan in minder biwurklike grafyske methoade om de greatte fan it oerflak 
fan metalen fest to stellen. 
Neist adsorpsje op homogene oerflakken wurdt yn koart bistek adsorpsje op minder 
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homogene en hwat forsmoarge metaeloerflakken bihannele. Ûnsuverheden yn de 
oksiden, dêr't de metaelmunsters troch reduksje út makke wurde, jowe oanlieding ta 
heterogene oerflakken. Isothermen op homogene oerflakken dy't mei in chemisor-
bearre hûd oerdutsen binne, jowe us net in klear biwiis foar de oanwêzigens fan parten 
fan it oerflak mei ûngelikens adsorpsjekarakter. 
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LEVENSBERICHT 
De schrijver van dit proefschrift werd geboren op 19 januari 1944 te Woudsend, 
gemeente Wymbritseradeel. Na in 1961 in Leeuwarden het HBS-B diploma te hebben 
behaald, was hij een jaar werkzaam als laborant bij Casolith N.V. te Leeuwarden. 
In 1962 liet hij zich inschrijven aan de Technische Hogeschool Delft, waar hij in 1968 
het examen voor scheikundig ingenieur aflegde. Het afstudeeronderwerp werd be-
werkt onder leiding van prof. dr. ir. P. M. Heertjes. 
In juni 1968 trad hij in dienst van Unilever N.V. en werd in de gelegenheid gesteld 
in de werkgroep Katalyse in Delft, onder leiding van prof. dr. J. H. de Boer, dit proef-
schrift te bewerken. De stimulerende samenwerking met ir. R. H. van Dongen, die 
een proefschrift over een analoog onderwerp bewerkte, heeft veel bijgedragen aan de 
totstandkoming van dit proefschrift. 
Afgezien van een voorlopige versie van de eerste twee hoofdstukken, heeft professor 
de Boer de voltooiing van dit proefschrift niet meer mogen meemaken; hij overleed 
plotseling op 26 april 1971. 
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STELLINGEN 
I 
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II 
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III 
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IV 
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V 
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VI 
De afgenomen werkgelegenheid voor academici in de chemische sector beïnvloedt 
het niveau van researchonderzoek aan Universiteiten op negatieve wijze. 
VII 
De gedachte achter Vestdijk's uitspraak 'iemand is geïnspireerd als hij goed ge-
slapen heeft' geldt eveneens voor het schrijven van een proefschrift ; deze uitspraak is 
echter niet letterlijk geldig. 
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dam 1968. 
VIII 
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IX 
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X 
Hoewel de inhoud van de Summary en Gearfetting van dit proefschrift het niet 
erg aannemelijk maakt, kan op archeologische gronden een gemeenschappelijke oor-
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